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A B S T R A C T 
The northern part of the Indian shield hosts various Proterozoic rock sequences. 
The NE-SW trending Aravalli-Delhi belt occupies the northwestern margin of the 
Indian shield, which preserves one of the best developed Proterozoic supracrustal 
sequences of the Indian subcontinent. Although considerable amount of data is 
available on various aspects of geology in this area, very little attention has been 
given to its numerous mafic and ultramafic rocks, which are of both extrusive and 
intrusive nature. Such investigations may provide useful clues to understand the 
Proterozoic magma genesis and therefore, the evolutionary history of Aravalli region 
in particular and Proterozoic terrains in general. The Aravalli mountain range is 
constituted of various domains, viz, the Banded Gneissic Complex (BGC) which 
served as the basement for the younger supracrustal units of Bhilwara belt, Udaipur-
Jharol belt, Delhi belt and the Vindhyan basin. These lithostratigraphic units ranges 
in age from early Archaean (3300 Ma) to late Proterozoic (550 Ma). 
The Udaipur- Jharol belt occupies the central part of Aravalli mountain range 
and represents the Aravalli Supergroup rocks, which consists of two contrasting sub-
facies. The Udaipur belt represents the shallow water facies sequence and Jharol belt 
is considered to be the deep water facies, of the Aravalli Supergroup. 
The Jharol belt, hosts deep water metasediments including mica schists, 
phyllite and thin bands of quartzite, also contains numerous mafic ultramafic rocks. 
The volcanic rocks are distributed at two different stratigraphic levels. The 
Bagdunda volcanics occur at the base, having unconformable relationship with the 
Archaean basement (BGC) and Gopir volcanics and dykes, occurring at higher 
stratigraphic levels is associated with ultramafic magmatic rocks. The ultramafic 
rocks are confined to two major lineaments. One at the eastern margin of Jharol belt 
referred to as Rakhabdev lineament which is devoid of any mafic rocks (as per the 
data available) and the other is referred to as Kaliguman lineament (which runs along 
the central part of Jharol basin between Gogunda in the north and Damana in the 
south) located at the west central side of Jharol belt roughly marking the boundary 
between Jharol and Delhi belts. The latter lineament comprises both mafic and 
ultramafic rocks (subject of the present current study). 
Their mode of occurrence, despite deformation and metamorphism (up to the 
grade of green schist facies), indicates their eruption and emplacement 
contemporaneously with sedimentation in Jharol basin. The eruptive nature of these 
volcanics is indicated by the intercalation of Bagdunda volcanics with fine grained 
quartzite bands, the presence of deformed amygdules and intercalation between the 
Jharol ultramafic rocks and fine grained quartzite bands. 
The mafic-ultramafic rocks of Jharol belt have suffered multi- phase deformation 
and regional metamorphism up to the grade of green schist facies therefore, the 
primary mineralogy and textures have generally been obliterated. However, the 
petrographic and mineralogical features of these rocks can be used to classify them 
into different varieties. The ultramafic rocks do not have any spinifex texture or any 
other similar texture. These rocks are of three main varieties: (1) consisting 
predominantly of serpentine (antigorite), which may represent the alteration products 
of olivine and pyroxene, (2) essentially constituting of chlorite in random orientation, 
which was probably formed in response to metamorphic and alteration processes and 
(3) consisting mainly of actinolite-tremolite with variable proportions of talc, 
asbestos and carbonates. The Gopir mafic volcanics and dykes on the other hand, 
contains more than 50% hornblende ± quartz + plagioclase and are fine to medium 
grained varieties. However, the dykes are massive and coarse grained rocks. 
Bagdunda volcanics display uniform mineralogical assemblages and textural relations. 
They consist of amphiboles with variable quantities of plagioclase and quartzite. 
Opaques are mainly magnetite and ilmenite. In less altered samples relicts of 
clinopyroxene and plagioclase feldspar sometimes are seen. 
Least altered samples have been selected for analyses in this study. Forty 
seven mafic samples representing both Gopir and Bagdunda volcanics and dykes 
were analysed for major, trace and rare earth elements. Hovi^ever, due to the altered 
nature of the ultramafic rocks, only thirteen samples were analysed for major element 
and few selected trace elements (Ni, Cr, V and Co). 
Compositional changes due to secondary processes are expected particularly 
in ancient volcanic rocks. Jharol volcanics and dykes have been regionally 
metamorphosed and they have been subjected to intensive deformation. Therefore, 
in order to determine the nature and extent of mobility of various elements and to 
assess the effect of secondary processes on these rocks before using them for any 
petrogenetic consideration, have been verified by using various diagrams and 
chemical criteria. On the bases of their REE patterns and a combination of their ratios 
(CaO/TiOj, AljOj/TiOj, CaO/AiPj, MgO/TiO^, FeO'/MgO, Zr/Y, Y/Nb), various 
major oxides (TiO^, SiO^, P P j , Al^O,, MgO) and Trace elements (Zr, Nb, Y, Cr, Ni 
and the REEs) we infer that these mafic rocks have not suffered any serious elemental 
mobility. However, our interpretation are based preferentially on minor and trace 
elements including REE which are considered less mobile. 
Chondrite normalized REE patterns of Gopir volcanics range from LREE 
depleted [avg. (Ce/Sm)^^ = 0.55) and (Ce/Yb)jj= 0.75] through to nearly flat patterns 
[avg. (Ce/Sm)N=l. 12 and (Ce/Yb)j,=l .23], The dykes on the other hand are LREE 
enriched [avg. (Ce/Sm)^= 2.07 and (Ce/Yb)^=5.05]. The REE patterns of Bagdunda 
volcanics are remarkably similar to each other, displaying LREE depleted patterns 
resembling N-type MORB, with more depleted nature than those of Gopir samples. 
However, the REE concentrations in both the volcanic suites, do not show any 
relationship with their Mg-numbers. This may suggest their derivation by complex 
petrogenetic processes or their generation from a heterogenous mantle source by 
different extents of melting with each magma phase undergoing fractionation 
independently. The overall smooth REE patterns of these rocks probably suggest that 
most of their REEs are not affected by post crystallization mobilization processes. 
In order to classify the magma type(s) of Gopir and Bagdunda volcanics and 
dykes, they are plotted in various diagram which are based on immobile or less mobile 
elements during the secondary processes. In AFM diagram, these volcanics follow 
the iron enriched trend suggesting their tholeiitic nature, although the classification 
remains doubtful due to the mobility of alkalis. Their tholeiitic nature is also 
confirmed from their FeO'/MgO versus FeO' and TiO^ diagrams. Their-Mg-Fe 
enriched nature is illustrated from Jensen's plot, where both the suites are cfassified 
as high Mg rocks, ranging from high Mg-tholeiite to basaltic komatiite-. This 
observation is also supported by their Zr+Y-Cr-TiO^x 100 (YTC) ternary variation 
diagram which is analogous to AFM diagram, but better constrained. Other diagrams 
based on minor and trace elements (Nb/Y versus Zr/P^Oj, P^Oj versus Zr and Zr/TiO^ 
versus Nb/Y) confirm the tholeiitic basalt affinity of Gopir and Bagdunda samples. 
Major and trace elements relationships of these volcanics and dykes illustrate 
the role of partial melting and fractional crystallization in their evolution. The 
relationships of CaO/Al^Oj versus TiO^, FeO'/MgO versus CaO/AiPj, CaO/TiO^ and 
AljOj/TiOj versus TiO^, Zr versus TiO^ and Ni versus Cr suggest possible fractionation 
of olivine and cHnopyroxene. Moreover, plots of Si/Zr versus (Fe+Mg+Mn)/Zr (in 
cation %) also indicate fractionation of olivine and cHnopyroxene. Al^Oji TiO^ and 
CaO relationships suggest that both the suites may be related to similar source and 
were generated by various degrees of partial melting and fractionation of olivine and 
cHnopyroxene in various proportions, at various stages of melting. The lack of 
negative Eu (except for the dyke samples) and Sr anomalies in most of th^ REE and 
PM-normalized multi-element patterns of these volcanics, also suggest that plagioclase 
fractionation was insignificant. 
In AljOj versus FeO'/(FeO'+MgO) diagram, these magmatic rocks show their 
tholeiitic to komatiitic affinity, indicating their transitional nature and reflecting their 
aluminum undepleted nature. Trends of Gopir and Bagdunda volcanics and dykes 
suggest their generation by various degrees of partial melting and fractionation of 
olivine and cHnopyroxene in various proportions. • 
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The Mg-numbers and MgO contents of Gopir volcanics and dykes (50.28 to 
63.73; 8.2% to 13.4% and 56.15 to 68.16; 10.5 to 14.4 respectively) and Bagdunda 
volcanics (48.81 to 66.90; 7.7% to 12.7%) suggest that they have undergone 
magmatic differentiation. The more primitive nature of Gopir volcanics and dykes 
compared to Bagdunda volcanics is also suggested by the abundances of compatible 
trace elements (e.g., Ni, Cr etc.). 
The moderately enriched nature (except for LREEs) of these volcanics is 
reflected by their incompatible element concentrations and ratio patterns. However, 
Gopir volcanics are relatively more enriched than Bagdunda volcanics. The chemical 
features of these volcanics overwhelmingly indicate that the compositional 
characteristics of these rocks have been inherited from their mantle source, rather 
than ascribing these features as a result of crustal contamination. 
The insignificant effect of crustal contamination on Gopir and Bagdunda 
volcanics can be demonstrated from the presence of positive Nb anomalies for all the 
samples (except for GRV30). This is further evident from their high FeO' and TiO^ 
content. Moreover, the relationships ofZr-Y, Zr-Nb and Zr-TiO^ clearly depict their 
enriched source characteristics. The Ce versus Nd diagram strongly puts limitations 
on the possibility of their contaminated nature and suggest that these volcanics 
represent variable degrees of melting ranging from less than 10% to higher degrees 
ca. 25%. 
The uncontaminated nature of Gopir and Bagdunda volcanics and dykes is 
also illustrated in their various primordial mantle normalized multi- element patterns, 
their plots in Y/Nb versus Zr/Y and their double normalized ratio plots (Ratio(rock)/ 
Ratio(PM)] of trace elements which are usually known to be less effected by 
fractional crystallization and high degrees of partial melting (expected for tholeiitic 
basalts). Therefore, the observed characteristics of these volcanics are considered 
to be related to their mantle source. 
The discrimination diagrams, based on major elements (Al^Oj, MgO, CaO and 
FeO'), minor (TiO^ and P^Oj) and trace elements (Zr, Y and Cr) show oceanic affinity 
of these volcanics. In fact N-MORB normalized multi- element patterns for averages 
Gopir and Bagdunda volcanics appear to reflect trace element characters transitional 
between N-MORB and OIB. The dykes on the other hand show continental tholeiites 
signatures. 
Petrogenetic modelling based on the compositionally corrected [Mg] and [Fe] 
abundances for Gopir and Bagdunda volcanics and dykes indicates, (a) their derivation 
from non-pyrolitic source as both the volcanic suites and dykes plot outside the 
calculated fields, (b) their derivation from sources which were variably enriched in 
[Fe/Mg] ratio with large variation in their [Fe] contents, (c) olivine was a major phase 
to fractionate followed by lesser amount of clinopyroxene in case of Gopir volcanics, 
whereas in Bagdunda volcanics a combination of olivine and clinopyroxene 
fractionation is suggested, (d) Gopir dykes have restricted [Fe] for similar [Mg] with 
respect to the Gopir volcanics. Overall Gopir volcanics are more enriched in terms 
of [Mg] and [Fe] than Bagdunda volcanics, indicating the higher degrees of partial 
melting of more fertile source for the Gopir volcanics. This diagram again indicates 
that plagioclase was not a major fractionating phase. 
Various tectonic models have been put forward to propose a tectonic model 
for the evolution of Jharol belt, but none of these models, involving Wilson cycle to 
resurgent rifting, have considered geochemical evidences. A synthesis of the 
chemical characteristics of Gopir and Bagdunda volcanics and dykes supported by 
field evidences indicate their similarity with those of rift environments. Overall 
features of these volcanics can be explained by a situation where plume related 
lithospheric extension produced intra-cratonic (BGC) and marginal basin rifts, 
probably during the late- Archaean-early Proterozoic period. Progressive rifting in 
this area caused episodic magmatism in the intra cratonic basins represented by 
Bhilwara, Udaipur belts and in Jharol basin, which developed at the margin of the 
BGC craton. 
In Jharol belt, during initial opening of the basin, attenuation of crust (which 
was naturally thin from the beginning) and rise of asthenospheric mantle generated 
basic melts which reached the surface and got intercalated with contemporary 
sediments, which is now represented by Bagdunda volcanics. With progressive 
rifting, further attenuation of crust resulted in the second phase of melting both in 
the asthenospheric source below the Jharol basin and sub-continental lithosphere 
below the BGC, generating the Gopir volcanics and dykes respectively. At this stage 
of rifting an oceanic crust very similar to those in marginal sea developed in the Jharol 
basin. The magmas with their uncontaminated nature indicated that these melts did 
not interact with crust which was highly attenuated. 
Detailed synthesis of the available data indicated that the basal Aravalli 
volcanics (Udaipur belt), the basal Jharol volcanics (Bagdunda volcanics) and the 
younger volcanics and dykes (Gopir volcanics), probably came from different 
sources. This is evident from the LREE and LILE enriched nature of the basal 
Aravalli volcanics and Bhilwara volcanics with distinct negative HFSE anomalies, 
which indicate their sub-continental lithospheric source characteristics. On the other 
hand, the Gopir and Bagdunda volcanics (Jharol volcanics) are LREE depleted with 
positive Nb anomalies and with high Nb/Ce ratios, probably indicate their generation 
from asthenospheric source with variable influence from mantle plume (OIB source). 
The mafic and ultramafic rocks being less abundant than the associated sediments, 
opens the possibility that the mafic-ultramafic rocks of Kaliguman lineament may 
actually represent a suture zone within the Jharol marginal sea/ocean basin. 
GEOCHEMISTRY AND TECTONIC SIGNIFICANCE OF 
EARLY PROTEROZOIC MAFIC AND ULTRAMAFIC 
ROCKS OF JHAROL BELT OF ARA VALLIOROGEN, 
SOUTHEASTERN RAJASTHAN, INDIA'' 
THESIS 
SUBMITTED FOR THE AWARD OF THE DEGREE OF 




Ziad Salem Hussain AbwHamatteh 
DEPARTMEMT OF GEOLOGY 
ALIGARH MUSLIM UNIVERSITV 
ALIGARN (INDIA) 
1904 









Love and Affection to 
My Loving Mother, 
My Late Father, Members of 
My Family [Hussain, Faiz, Tareq, 
Talal, Rawia, Ensaf and AmeeraJ 
and Salina Kombe. 
In the Name of Allah the Compassion, the Merciful, 
Praise be to Allah, Lord of the Universe, and peace 
and prayers be upon His 
Final Prophet and Messenger. 
In the Name of Allah, Most Gracious, Most Merciful 
Proclaim! (or Read!) In the Name of thy Lord and 
Cherisher Who created% Created man, out of A (mere) 
clot of congealed bloods Proclaim! And thy Lord Is Most 
BountifuU He Who taught (The use of) the Pen* Taught 
man that which he knew notm 
Surah 96 AV ALAQ 
2b on 'l lei your J ream ip away 
J on V iel your LopeA ever dway 
never aiiow ollierA to day 
t L i you are a iooi tk inliiny llial way. 
lA/ liatet/er it id that you hope 
id ^or you to yraL and yroLe 
^or to f u i ^ i i i any widL^ui tliinLiny 
one had to yo tlirouyli dome toiiiny. 
leve any on to w hat you Liic 
with a yradp never to ieave 
and ad you achieve what you craved 
other deem ^ooiidh to have raved. 
ecaude what to otherd may he a craze 
to you wiii Le the very wayd 
that dhaii Lriny the happinedd 
d the ^ruitd o^ ducedd. an 
Kombe, S.N.A. 
PHONE I ( 0 5 7 1 ) 2 6 C 1 6 
TELEX I 564-230—AMU—IN 
D E P A R T M E N T O F G E O L O G Y 
ALIGARH MUSLIM UNIVERSITY 
ALIGARH—202 002 
Ref.No... „/Geol. Dated. !..!...•.... Llfl..!^ 
C £ « T I f 1 C A r £ 
id to certify that the tliesii ent itied "Geochemistry and tectonic 
significance of early Proterozoic mafic and uitramafic roci^s ofJharoibeit 
ofAravaiii orogen, southeastern Rajasthan, India" ii tL record of Lnafide 
reiearcli carried out Mr. Ziad Salem HuSSSin Abu-Hamatteh under our foint 
iuperviiion. ii worL is an original contribution to tL existing knowledge of 
tlie iuLfect. 
VUe aiiow Mr. Abu-Hamatteh to iuLmit tLis worL for the award of 
3^octor of Pliiioiopliy^ (Ph.D.) decree of tke ii^rli l/Y!ua(im ^niveriit^, 
i^arli, Jnd la. 
Dr. Talat Ahmad 
Scientist-C 
Wadia Institute of 
Himalyan Geology 
Dehradun (U.P.) 248 001 
India. 
Dr. Mahshar Raza 
Reader 
Department of Geology 
Aligarh Muslim University 
Aligarh (U.P.) 202 002 
India. 
C O N T E N T S 
Acknowlegements ' 
List of Tables 'v 
List of Appendixes v 
List of Plates ! vi 
List of Figures vii 
List of Publications xiv 
Introduction 1 
CHAPTER ONE 
Geological Setting 6 
General geology of Aravalli mountain belt 6 
The Banded Gneissic Complex (BGC) 7 
The Aravalli Supergroup 7 
The Delhi Supergroup 8 
Distribution of mafic-ultramafic rocks in Aravalli mountain belt 8 
Geology of Udaipur-Jharol basin 9 
Field occurrence of the mafic and ultramafic rocks of Jharol belt 12 
Bagdunda volcanics 13 
Gopir volcanics and dykes and associated ultramafic rocks 
(Kaliguman Lineament) 13 
Ultramafic rocks of the eastern margin of Jharol basin 
(Rakhabdev Lineament) 14 






Analytical procedures 21 
Results 23 
Contd 
Major element distribution 23 
Trace element distribution 26 
Ferromagnesian elements 27 
Large ion lithophil elements (LILE) 27 
High field strength elements (HFSE) 28 
Rare earth elements 29 
Effect of alteration 31 
Elements variability 34 
CHAPTER FOUR 
Geochemical Classification 40 
Magma types classification 41 
Tectonic setting classification 43 
CHAPTER FIVE 
Petrogenesis 48 
Major element considerations 49 
Trace element considerations 55 
CHAPTER SIX 




Table 1 to 11 77 
APPENDIXES 
Appendix I to IV 92 
REFERENCES 99 
PUBLICATIONS 119 
A C K N O W L E D G E M E N T S 
I wish there is a better word than thanks to express my deep felt sense of 
gratitude to Dr. Mahshar Raza, Deptt. of Geology, Aligarh Muslim University, 
Aligarh and Dr. Talat Ahmad, Wadia Institute of Himalayan Geology, Dehradun, 
for their valuable guidance, admirable patience, constant encouragement and 
cooperation at all stages of this research work. 
I also wish to express my indebtedness to Prof. Iqbaluddin, Chairman, Deptt. 
of Geology, A.M.U., Aligarh and Dr. V.C. Thakur, Director, W.I.H.G. Dehradun 
for their kind consent to provide all the necessary facilities for the completion of this 
work. 
My sincere thanks are due to Dr. P.P. Khanna, Dr. P.K. Mukherjee and Mr. 
N.K. Saini, Scientists, W.I.H.G., Dehradun and Dr. S.H. Jafri, Scientist, NGRI, 
Hyderabad for their help in the analytical work. 
The help received from Prof. S.M. Zainuddin, Dr. K.K. Ghauri, Mr. M.S. 
Ahmad and Dr. S. Farooq, Deptt. of Geology, A.M.U. and Dr. S. Rathi, Dr. R. 
Islam, Dr. N.S. Siddaiah and Mr. Saeed Ahmad (Librarian), W.I.H.G., Dehradun 
in the various stages of this work deserve special mention. 
I am further grateful to Dr. N.K. Chauhan and Dr. Sabah A. Moh'd, Deptt. 
of Geology, Sukhadia University, Udaipur, for their constant and immense help 
during my field work. 
I also extend my thanks to my Colleagues Dr. S.H. Alvi, Dr. M.S. Khan, Mr. 
Safdare Azam, Mr. Alaedin M. and Mr. M. Erfan A. for their critical comments 
and constructive suggestions. 
Thanks also to the Staff of the Deptt. of Geology, A.M.U., Aligarh and 
W.I.H.G., Dehradun for their help and cooperation during the course of this work. 
Mr. Salimuddin Ahmad of the Deptt. ofGeology, A.M.U., Aligarh and Mr. 
Nadeemuddin Ahmad also deserves special mention for drawing the diagrams. My 
sincere thanks are due to their respected family members for their support and love. 
I also express my most heartfelt gratitude to Mr. Naif Salem, Mr. Moh'd 
Abu-Hammad, Mr. Tareq Salem and Mr. Faiz AL-Kouz, without whose financial 
help this research work could not have been possible. 
My friends Moufaq Al-Habbahbeh, Tahsin Ahmad, Nizar Mousa, Ahmad 
Ayoub, Mah'd Makhlouf, Ayman Sawaiha and Ahmad Abu-Mahfouz are all 
thanked for their encouragement. 
The Tomar, Askari, Majithia and Qamar families are also thanked for their 
support during my stay in India. 
I would like to thank Dr. Talat Ahmad and his respected family ( Nasrin 
Bhabi, Shaharyar, Mazyar and Salar) for their constant support and love during 
the course of my stay in Dehradun. 
There are really no words strong enough to express the gratitude I feel to Ms. 
Salina Kombe for her help, profound love and encouragement throughout this work. 
Before I come to an end, I would like to express my gratitude to the members 
of my family Hussain, Faiz, Tareq, Talal, Rawia, Ensaf and Ameera for their 
constant moral and financial support. My special thanks to My Loving Mother for 
being the source of constant inspiration throughout the stages of this work. 
II 
Last but not the least, I thank all the Indians in whose contact I came, where 
love, kindness and help always made me feel as if I was never away from home. My 
Salutations to them. 
(Ziad S.H. Abu-Hamatteh) 
B.Sc.(Hons.),M.Sc.,M.Phil. (Geology) 
Department of Geology 
Aligarh Muslim University 
Aligarh (U.P.) 202 002 
India. 
Date: 4 . t o . C | L | 
Place: Aligarh, India. 
m 
L I S T O F T A B L E S 
Table-l. Genera! stratigraphic succession of the Aravalli Supergroup in the type 
area. 
Table-2. General stratigraphy of Proterozoic sequences of south-central 
Rajasthan. 
Table-3. Major element abundances (in wt%) and trace element concentrations 
(in ppm) of Jharol ultramafics. 
TabIe-4. Major element (in wt%) and trace element including rare earth element 
(in ppm) concentrations of Gopir volcanics (GRV) and dykes (GRD). 
TabIe-5. Major element (in wt%) and trace element including rare earth elements 
(in ppm) concentrations of Bagdunda volcanics. 
Table-6. Element ratios of Jharol ultramafics. 
Table-7. Element ratios of Gopir volcanics and dykes. 
TabIe-8. Element ratios of Bagdunda volcanics. 
Table-9. Range of compositional variation and average chemical compositions 
of Bagdunda volcanics, Gopir volcanics, Gopir dykes and Jharol 
ultramafics. 
Table-10. Calculated cation per cent of Bagdunda and Gopir volcanics and dykes. 
TabIe-11. Calculated cation per cent of Jharol ultramafics. 
IV 
L I S T O F A P P E N D I X E S 
Appendix-I. Summarized isotopic studies and the possible ages of the various 
lithounits of Aravalli region. 
Appendix-II. Element concentration (ppm) in CI chondrite, primitive mantle and 
N-type MORE. 
Appendix-Ill. Effect of deep-sea alteration and Low-grade metamorphism on 
element mobility in young volcanic rocks. 
Appendix-IV. Trace elements behaviour during partial melting and fractional 
crystallization. 
L I S T O F P L A T E S 
Plate-l. The intercalation of Bagdunda volcanics with the basal quartzite near 
Bagdunda. 
Plate-2. Deformed amygdules in Bagdunda volcanics. 
Plate-3. Jharol ultramafic showing intercalation with quartzite bands near 
Jhameshwarjee temple. 
PIate-4. Jharol ultramafics showing removal of some material during post 
crystallization processes, giving rise to pitted appearance. 
Plate-5. Possible relicts of pillow lava structure in Jharol ultramafic near Playal 
Ghati mines, Challi area. 
Plate-6. Ultramafic rocks of Rakhabdev lineament around Rakhabdev area. 
VI 
L I S T O F F I G U R E S 
Figure-l. (A) Map of India showing the location of Aravalli region. 
(B) Geological map of Aravalli mountain belt, showing the 
distribution of Precambrian rocks (Drury 1990). 
(C) Simplified geological map of Aravalli mountain belt showing 
the various lineaments (Gupta et al. 1981). 
(D) Simplified geological map of Jharol belt, showing the distribution 
of various lithological units (Roy et al. 1988). 
Figure-2. (A) MgO versus various major oxides and trace elements variation 
plots of Jharol ultramafics. 
(B) Mg number versus various major oxides and trace elements 
variation plots of Jharol ultramafics. 
(C) FeO^ and Ti02 versus major oxides and trace elements of Jharol 
ultramafics. 
(D) AI2O3 and Cr versus major oxides and trace elements variation 
plots of Jharol ultramafics. 
Figure-3. Chondrite normalized REE patterns of (A) Gopir dykes and (B), (C), 
and (D) Gopir volcanics. 
Figure-4. Chondrite normalized REE pattern of Bagdunda volcanics. 
Figure-5. Si02 versus major oxides variation diagrams showing magmatic trends 
of various elements in Gopir and Bagdunda volcanics and dykes. 
Figure-6. Ti02 versus Ca0/Al203 variation diagram, showing olivine fractionation 
* 
trend in Gopir and Bagdunda volcanics and dykes. 
VII 
Figure-7. Ca0/Al203-Mg0/I0-Si02/I00 ternary variation diagram, showing 
unaltered nature of Gopir and Bagdunda volcanics and dykes. 
Figure-8. Ca0/Ti02 versus Mg0/Ti02 binary diagram for Gopir and Bagdunda 
volcanics and dykes, illustrating the sympathetic relationship as an 
indication for their primary magmatic character. 
Figure-9. Zr versus (A) PjOj, (B) AI2O5 and (C) Ti02 variation diagrams of 
Gopir and Bagdunda volcanics and dykes, showing their distribution 
relative to Zr. 
Figure-10. (A) Zr versus Nb, (B) Zr versus Y, (C) Zr versus Ce and (D) Zr versus 
Total REE, covariation diagrams of Gopir and Bagdunda volcanics and 
dykes illustrating the less mobile nature and the enrichment of these 
elements in these volcanics. 
Figure-11. FeOVMgO versus Ca0/Al203 diagram for Gopir and Bagdunda 
volcanics and dykes, showing the various fractionation trends. 
Figure-12. (A) TiOj versus Al203/Ti02 and (B) Ti02 versus CaO/TiOj variation 
diagrams, showing identical trends of variation in Gopir and Bagdunda 
volcanics and dykes. 
Figure-13. Sm versus Yb, Gd and Dy variation diagram of Gopir and Bagdunda 
volcanics and dykes. 
Figure-14. Zr versus Zr/Y variation diagram of Gopir and Bagdunda volcanics and 
dykes. 
Vlll 
Figure-15. Y/Nb versus Ti02 variation diagram of Gopir and Bagdunda volcanics 
and dykes, indicating the role of fractionation and various degrees of 
partial melting during their generation. 
Figure-16. Ni versus Cr variation diagram of Gopir and Bagdunda volcanics and 
dykes, showing sympathetic positive relationship. 
Figure-17. A(Na2O+K2O)-F(FeO0-M(MgO) ternary variation diagram for Gopir 
and Bagdunda volcanics and dykes, showing their tholeiitic affinity. 
Figure-18. FeOVMgO versus FeO^ variation diagram of Gopir and Bagdunda 
volcanics and dykes, depicting their tholeiitic nature 
Figure-19. FeOVMgO versus Ti02 variation diagram of Gopir and Bagdunda 
volcanics and dykes, indicating the tholeiitic nature of these volcanics. 
Figure-20. Jensen's cation ternary plot for Gopir and Bagdunda volcanics and 
dykes, showing compositional variation of these volcanics from high 
Fe-tholeiite to basaltic komatiite. 
Figure-21. Y(Zr+Y)-T(TiO2xl00)-C(Cr) ternary diagram, showing the tholeiite-
komatiite affinity of Gopir and Bagdunda volcanics and dykes. 
Figure-22. ZxlViO^ versus Nb/Y plot of Gopir and Bagdunda volcanics and dykes, 
indicating their tholeiitic basalt affinity. 
Figure-23. Zr versus P2O5 variation diagram, showing the tholeiitic affinity of 
Gopir and Bagdunda volcanics and dykes,. 
I-V 
Figure-24. Nb/Y versus ZxU'xO^ classification diagram of Gopir and Bagdunda 
volcanics and dykes, showing their sub-alkaline nature. 
Figure-25. Ti02 versus P2O5 variation diagram of Gopir and Bagdunda volcanics 
and dykes, showing their oceanic ridge basalt affinity, 
Figure-26. Zr versus Ti02 covariation diagram of Gopir and Bagdunda volcanics 
and dykes, illustrating their MORB affinity. 
Figure-27. Y versus Cr covariation diagram of Gopir and Bagdunda volcanics and 
dykes, indicating their MORB/WPB nature. 
Figure-28. Ti/100-Zr-Yx3, ternary tectomagmatic discrimination diagram of Gopir 
and Bagdunda volcanics, showing their MORB and lAB affinity, with 
Gopir dykes plotting outside the fields towards higher Y apex. 
Figure-29. N-MORB normalized multi-element patterns of (A) Gopir dykes and 
(B), (C) and (D) Gopir volcanics. 
Figure-30. N-MORB normalized multi-element patterns of Bagdunda volcanics. 
Figure-31. N-MORB normalized multi-element patterns of averages CT, BAT, 
OIB and E-MORB compared with averages of GRV-F: Flat Gopir 
volcanics, GRV-D: Depleted Gopir volcanics GRD: Gopir dykes and 
BAV. Bagdunda volcanics. 
Figure-32. Primordial mantle normalized incompatible element patterns of 
(A) Gopir dykes and (B), (C) and (D) Gopir volcanics. 
Figure-33. Primordial mantle normalized incompatible element patterns of 
Bagdunda volcanics. 
Figure-34. Primordial mantle normalized incompatible element patterns of 
(A) Averages of N-type MORE, E-type MORB, OIB, Marina island 
arc, Archaean crust and PATS. 
(B) Averages of early Proterozoic dykes and continental flood 
basalts. 
(C) Averages of the north Indian early Proterozoic mafic rocks. 
Figure-35. MgO versus Cr, Ni and solidification index (S.I.) variation diagrams of 
Gopir and Bagdunda volcanics and dykes. 
Figure-36. Si/Zr versus (Fe+Mg+Mn)/Zr cation-ratio diagram of Gopir and 
Bagdunda volcanics and dykes, illustrating the possible fractionation 
phases. 
Figure-37. (A) CaO versus TiOj, (B) Al jOj versus TiOj and (C) AI2O3 versus 
CaO plots for Gopir and Bagdunda volcanics and dykes. 
Figure-38. FeOV(FeO'+MgO) versus AI2O3 plot of Gopir and Bagdunda volcanics 
and dykes. 
Figure-39. [Fe] versus [Mg] plot for Gopir and Bagdunda volcanics and dykes. 
Figure-40. Mineral-melt partition coefficient for the rare earth element: (A) 
Dacite and rhyolite and (B) Basaltic melts. 
Figure-41. (A) Cl/Co versus (F) and (B) Cl/Co versus (1-F), illustrating the effect 
of partial melting and fractional crystallization. 
xii 
Figure-42. Plot of trace element concentrations illustrating the behaviour of trace 
elements with respect to their bulk distribution coefficient (D) during 
fractional crystallization and partial melting. 
Figure-43. Plots of incompatible trace element ratios versus incompatible trace 
element abundances (A) Nb/TiOj verses Nb,(B) Nb/Y versus Nb, (C) 
Ce/Sm versus Ce and (D) Zr/Y versus Zr for Gopir and Bagdunda 
volcanics and dykes, indicating the important role of partial melting 
and fractional crystallization processes during their generation. 
Figure-44. Plots of incompatible trace element ratios versus compatible trace 
element abundances (A) Zr/Y versus Sc, (B) Ce/Sm versus Ni, (C) Nb/ 
Y versus Ni and (D) Nb/Zr versus Cr for Gopir and Bagdunda volcanics 
and dykes, illustrating the effect of both partial melting and 
fractional crystallization on their evolution. 
Figure-45. Nd versus Ce plot for Gopir and Bagdunda volcanics and dykes, with 
primitive mantle and chondritic ratio, showing the least effect of 
contamination and possible extents of partial melting. 
Figure-46. Zr/Y versus Y/Nb binary ratio-ratio plots of 
(A) basal Aravalli volcanics and Archaean middle/lower crust for 
comparison. 
(B) Gopir and Bagdunda volcanics and dykes, indicating their 
derivation from enriched source. 
Figure-47. Primordial mantle-normalized incompatible trace element ratio patterns 
of 
(A) Basal Aravalli volcanics and Archaean middle/lower crust for 
comparison. 
xii 
(B) Bagdunda volcanics (BAV), depleted Gopir (GRV-D), flat 
Gopir (GRV-F) and Gopir dykes (GRD), illustrating their 
enriched nature compared to PM. 
Figure-48. A simplified cartoon, illustrating the proposed geodynamic model for 
the evolution of Jharol basin. 
Xlll 
L I S T O F P U B L I C A T I O N S 
01. Abu-Hamatteh, Z.S.H., Raza, M. and Ahmad, T., 1994. Geochemistry of 
early Proterozoic mafic and ultramafic rocks of Jharol Group, Rajasthan, 
northwestern India. Jour. Geol Soc. India, 44:141-156. 
02. Raza, M., Alvi, S.H. and Abu-Hamatteh, Z.S.H., 1994. Geochemistry and 
tectonic significance of Ongarbira volcanics, Singbhum craton, eastern India. 
Jour. Geol. Soc. India, (in press). 
XIV 
INTRODUCTION 
I N T R O D U C T I O N 
The Proterozoic era representing about half of the recorded earth history 
ranging in age from 2500 to about 550 Ma (Pharaoh et al. 1987), is of great 
significance in the evolution of the earth's crust. This period is characterized by the 
development of stable cratons which behaved as internally rigid crustal units similar 
to modern lithospheric plates (Windley 1982). In marked contrast to Archaean, 
Proterozoic crust display a great diversity in its composition. Recent data on 
composition of volcanic rocks, sedimentary facies, structural trends and ore associa-
tions suggest that different components of Proterozoic crust were formed in 
different tectonic settings, although the identification of such tectonic settings is still 
an enigma. The highly variable composition of early Proterozoic crust suggests a 
drastic change in the growth of the continental crust at the dusk of Archaean period 
(Naqvi 1981, Taylor and McLennan 1985; Pharaoh et al. 1987). 
The occurrence of Archaean type lithological units along with practically 
unique and new lithological elements in the early Proterozoic crust assemblages 
suggests that the Archaean-Proterozoic boundary represents a transitional period 
(Cloud 1976; Taylor 1987). This boundary is characterized by diachoronous 
successive stabilization of cratons and considered as one of the major crust forming 
events in the earlier history of the earth (Moorbath 1977; McCuHoch and Wasserburg 
1978; Taylor 1987). It is believed that towards the end of the Archaean, the major 
changes in global tectonics were related to #( 1) cooling (Ahmad and Rajamani 1991) 
which is evident from the relatively less abundant occurrences of komatiites and 
related rocks in early Proterozoic terrains. The large volume of komatiites in 
Archaean terrains indicates the higher temperature and extents of partial melting 
prevailing during that period, giving rise to mantle plume related magmatism during 
the Archaean (White and Mckenzie 1989; Bickle 1990; Campbell and Griffiths 1990), 
and #(2) changing patterns of convection system (Hargraves 1981; Bickle 1990). 
An important problem related to the Proterozoic studies is to evaluate the 
possibility of existence and the role played by plate tectonic processes during this 
period. How far back into the history of earth the plate tectonic concept can be 
applied, is a subject of much discussion and debate now. However, the possible role 
of plate tectonics during Proterozoic has received much attention in recent years 
(Kroner 1981; Schweitzer and Kroner 1985; Condie 1986, 1989) and it is now widely 
accepted that the Precambrian plate tectonic process was very similar to those 
operating at present. The only difference may be in rate and size of plates (Tarney 
and Windley 1977). 
Since certain characteristics of mafic magmatic rocks are considered to be 
related to their tectonic settings, geochemical studies of these rocks can give some 
idea's about petrogenetic processes and tectonic settings at the time of their emplace-
ment. Therefore, the geochemical characteristics of mafic magmatic sequences 
coupled with geochronological, stratigraphic and other field controls can provide 
better constraints to evaluate the geochemical and thermal evolution of mantle 
through time (Condie 1985, 1989), possible mantle heterogeneities and petrogenetic 
processes. Because these factors vary from one tectonic setting to another, the basic 
volcanic rocks with distinct chemical characteristics are generally associated with 
specific tectonic environment in the plate tectonic framework, leading to the 
classification of volcanic rocks on the basis of their occurrence in different tectonic 
settings (Pearce and Cann 1973; Floyd and Winchester 1975; Saunders and Tarney 
1979). 
In the Indian shield the Proterozoic rock sequences are mostly found in its 
northern part. They are well developed and excellently exposed in parts of Aravalli, 
Singhbhum and Bhandara cratons (Naqvi and Rogers 1987). The Aravalli-Delhi belt 
which occupies the northwestern margin of the Indian shield with a NE-SW trend, 
preserves one of the best developed Proterozoic sequences of the Indian subconti-
nent (Figure-1 :a and b). Although, considerable amount of data are available on its 
geological framework, structure, metamorphism, geochronology and sedimentation 
(e.g., Heron 1953; Chaudhary e/a/. 1984; Mohanty and Naha 1986; Roy 1988; Roy 
etal. 1988,1993; Sinha-Roy 1984, 1988; Sinha-Roy e/a/. 1993; Sugden e/a/. 1990) 
the origin and evolutionary history of this belt is still an enigma (Ahmad and Rajamani 
1991). 
The central part of Aravalli mountain range exhibits five lithostratigraphic 
domains and geological settings as follows: (1) The Banded Gneissic Complex 
(BGC) of Archaean age, serving as basement for the younger supracrustal belts, (2) 
The Bhilwara belt, (3) The Udaipur-Jharol belt, (4) The Delhi belt and (5) The 
Vindhyan basin (Figure-1 :c), representing the geological events from early Archaean 
(3300 Ma; Gopalan et al. 1990) to late Proterozoic (550 Ma; Crawford and 
Compston 1970). 
Each of these domains is distinguished by its characteristic style of volcanism, 
sedimentation and tectonism. In this region, along with different types of sedimen-
tary rocks, there are a widespread occurrences of basic volcanics which represent 
various magmatic episodes of the Precambrian Aravalli history. The mafic rocks of 
these Proterozoic supracrustal belts, which are well exposed and less altered, provide 
on excellent opportunity to understand the tectono-thermal and chemical conditions 
of their source region and also the tectonic environments at the time of their 
emplacement (Ahmad and Rajamani 1991; Ahmad and Tarney 1994). Therefore, 
geochemical investigation on these Proterozoic mafic volcanic rocks may provide 
useful clues to understand the Proterozoic magma genesis and eruptive environment 
in general and evolutionary history of Aravalli region in particular. 
The present study deals with the mafic-ultramafic rocks of Jharol belt which 
represents the deep water facies of early Proterozoic Aravalli Supergroup. It consists 
of mica-schists, phyllite and thin bands of fine grained quartzite (chert?) containing 
numerous mafic-ultramafic flows (Figure-1 :d). The basic volcanics of the Jharol belt 
appear to occur at two different stratigraphic levels. One at the base which has 
Figure-1: (A) Map of India showing the location of Aravalli region, (B) Geological map of 
Aravalli mountain belt (after Drur> 1990), (C) Simplified geological map of Aravalli mountain 
belt showing the various major lineaments (after Gupta el al 1980) and (D) Simplified 
geological map of Jharol belt showing the occurrence of volcanic rocks (modified after Roy et 
al. 1988) 
unconformable relationship with the Archaean basement probably equivalent to the 
Banded Gneissic Complex (BGC) ofBhilwara-Udaipur belts and the other at a higher 
stratigraphic level associated with ultramafic rocks. 
Jharol belt occupies a unique position in the geological set up of Aravalli 
mountain belt. It occurs in the central part of Aravalli mountain belt where it is 
bounded by Udaipur belt in the east and Delhi belt in the west (Figure-1 :c). The 
Udaipur belt consists of shallow water facies sequence of Aravalli Supergroup (Roy 
et al. 1988). The contact relationship between Jharol and Udaipur belts is marked 
by systematic lithofacies changes from shallow to deep water sediments (Golani 
1982). The Jharol and the Udaipur belts (Figure-1 :d) are considered as representing 
two sub-facies of a coupled basin (Roy 1988). The contact between Jharol belt and 
the Delhi belt (middle Proterozoic) is tectonic and has been considered as a suture 
zone by some workers (e.g., Drury 1990). 
The present work is the first attempt to undertake a detailed geochemical 
study of these early Proterozoic volcanic rocks. Although, some information on 
geology and stratigraphic position of these rocks are available in literature (Gupta 
etal 1980; Roy and Paliwal 1981; Roy e/a/ . 1988, 1993; Sinha-Roy e/a/ . 1993), 
little is known about their petrology and geochemical characteristics, except for 
those given in Abu-Hamatteh (1992) and Abu-Hamatteh et al. (1994). 
This study was aimed at generating a comprehensive geochemical data base 
on the mafic and ultramafic rocks of Jharol belt. The generated data are being utilized 
to draw petrological, geochemical and tectonic conclusions. An attempt is also made 
to examine their source composition and petrogenetic processes in term of degrees 
of partial melting and subsequent modifications of their composition by various 
differentiation processes including fractional crystallization, crystal accumulation, 
assimilation fractional crystallization etc. 
It is attempted to identify the magma type or types, their genetic relationships, 
nature of their source region and the tectonic environment of eruption and its 
significance in the interpretation of regional tectonics. For this purpose, analyses of 
major and trace elements including rare earth elements were performed on critically 
selected sixty least altered samples. The samples representing the basal Jharol 
volcanics are referred to as Bagdunda volcanics (BAV). Whereas those found at 
higher stratighraphic level, associated with ultramafic rocks are referred herein as 
Gopir volcanics (GRV). Some dyke samples (GRD) are also collected from this 
level, although their field relationship with the Gopir volcanics and the associated 
ultramafic rocks is not clear. The ultramafic rocks are described here as Jharol 
ultramafics. 
This work is presented in seven chapters. Chapter (I) deals with the general 
geological framework of the Aravalli mountains range as well as the geological 
setting of the studied areas with special reference to occurrence of Jharol mafic-
ultramafic rocks. An account of the mineralogical and petrographical characteristics 
of Jharol mafic-ultramafic rocks is given in Chapter (II). The geochemistry of Gopir 
volcanics, Gopir dykes, Bagdunda volcanics and Jharol ultramafics covering 
analytical methods, major, trace and rare earth elements distribution, elements 
variability and their relationship as well as the effect of alteration are discussed in 
Chapter (III). In Chapter IV, the geochemical data is used to classify these rocks in 
terms of magma series and tectonic setting(s). Under the heading petrogenesis 
(Chapter-V), the major elements, trace elements and the REE are used to elucidate 
the genesis, evolution and source characteristics of the studied magmatic rocks. In 
Chapter (VI), the geochemical data along with the geological evidences are discussed 
to interpret the tectonic evolution of Jharol belt. Summary and conclusion of the 
v.ork are provided in Chapter (VII). 
Chapter - 1 
GEOLOGICAL SETTING 
CHAPTER ONE 
G E O L O G I C A L S E T T I N G 
I. GENERAL GEOLOGY OF ARAVALLI MOUNTAIN BELT 
The Indian shield consists of various crustal blocks with distinct lithotectonic 
characteristics (Rogers 1986; Naqvi and Rogers 1987), largest among these is the 
Aravalli craton, which occupies its north western part (Figure-1 :a). It is bounded by 
the Main Boundary Thrust (MBT) of Himalayan foot hills in the north, the Cambay 
basin in the south-west and the Son-Narmada lineament in the south and south-east. 
The eastern boundary of this craton is marked by the Great Boundary Fault (GBF) 
and the western margin is covered by recent deserts of Thar (Naqvi and Rogers 
1987). The rocks of this craton range in age from 3300 Ma to 550 Ma (Crawford 
andCompston 1970; MacdougalU/a/. 1983, 1984;Gopalan etal. 1990), indicating 
that the area was tectonically active from early Archaean to end of Proterozoic. 
The western margin of this craton is marked by the presence of NE-SW 
trending Aravalli mountain range, which runs from Delhi in the north to little north 
of Ahmadabad in the south for about 700 km with a variable width of about 30 to 200 
km. It is made up principally of three tectonostratigraphic units with several granitic, 
mafic and ultramafic extrusives and intrusives of different ages. The oldest among 
these is the Banded Gneissic Complex (BGC, Heron 1953) varying from about 3300 
to 2500 Ma (Roy 1990; Gopalan el al. 1990). The BGC served as basement for two 
younger units, i.e., the early Proterozoic supracrustal rocks of Aravalli Supergroup 
(2500-1900 Ma, Roy 1990) and the middle Proterozoic supracrustals of Delhi 
Supergroup (1900-1450 Ma, Roy 1990). Although, the distribution, mutual correlation 
and stratigraphy of these units are still a matter of debate, yet there is a general 
agreement among the geoscientists on BGC being the basement of the Proterozoic 
supracrustal sequences. 
The Banded Gncissic Complex (BGC) 
The BGC, which is one of the best studied units of this region, consists some 
of the oldest Archaean rocks (about 3.3 Ma, Gopalan et al. 1990). It is represented 
by contrasting rock types which includes biotite/hornblende gneisses, granitic rocks, 
amphibolite, aluminous paragneisses, quartzite, marble, calc-silicate rocks and 
pegmatites. However, the granitoid gneisses of different compositions and 
amphibolites form the bulk of the basement. In general, the BGC comprises of two 
tectonic blocks: the northern block and the southern block, roughly with respect to 
Nathdwara (Sen 1980). The rocks of the northern block have been metamorphosed 
under pressure-temperature conditions of the amphibolite to granulite facies, while 
the rocks of the southern block are metamorphosed up to the grade of amphibolite 
facies. Although, the antiquity of the basement is proved by the presence of 3 3 00 Ma 
old rocks (Gopalan et al. 1990), there are apparently no true Archaean greenstone 
belts as reported from southern part of the Indian shield (Naqvi and Rogers 1987). 
However, some isolated remnants of low grade Archaean rocks resembling greenstone 
belts have been recognized (Sinha-Roy 1985; Upadhyaya et al. 1992; Ahmad and 
Tarney 1994). The youngest unit of the BGC is the Berach granite and its equivalent 
rocks which have yielded a Rb/Sr isochron age of2600 Ma (Chaudhary ^/o/. 1984). 
The Aravalli Supergroup 
This supracrustal sequence of early Proterozoic age occurs in two adjoining 
major belts, the Bhilwara belt and the Udaipur-Jharol belt. The Bhilwara belt is 
exposed as a NE trending wedge shape area between Great Boundary Fault (GBF) 
in the east and Karera in the west. This belt comprises several sub-parallel N-S 
trending linear belts separated from each other by zones of BGC. In general, these 
belts consist of quartzite, metaphyllites, carbonates, BIF and gray ashes interlayered 
with mafic volcanics. 
The Udaipur-Jharol belt is exposed as an inverted "V" shaped area with 
tapering end near Nathdwara (Figure-1 :c). The middle part of the belt is marked by 
N-S trending Rakhabdev lineament (Figure-1 :c). This lineament marks the boundary 
between shallow water metasediments of Udaipur belt in the east and deep water 
metasediments of Jharol belt in the west. A more detailed account of the geology of 
this belt is presented separately in this chapter. 
The Delhi Supergroup 
The rocks of Delhi Supergroup occur to the west of Jharol belt, where they 
form a linear belt which extends all along the length of Aravalli mountain belt. The 
belt narrows near the centre and widens towards both the ends (Figure-1 :b). Heron 
(1953) sub-divided his "Delhi System" into two stratigraphic units. The lower 
Alwar Group is dominantly arenaceous consisting of arkose, quartzite, conglomerate 
and mafic volcanics. The upper Ajabgarh Group is mainly calcareous comprising of 
calc-schist, calc-gneisses with interlayered mafic volcanics and tectonized bodies of 
mafic and ultramafic rocks, the latter is considered as Phulad ophiolites (Sinha-Roy 
1988; Volpe and Macdougall 1990). The Delhi Supergroup is considered to be the 
youngest unit of Aravalli mountain range. 
II. DISTRIBUTION OF MAFIC-ULTRAMAFIC ROCKS IN ARAVALLI 
MOUNTAIN BELT 
In Aravalli mountain belt, mafic and ultramafic rocks occur at different 
stratigraphic levels. In this region the oldest volcanic activity is represented by early 
Archaean (3300 Ma) amphibolites occurring within the Banded Gneissic Complex 
(Gopalan et al. 1990). The next phase of magmatic events is represented by early 
Proterozoic komatiitic and tholeiitic lava flows occurring at the base of Aravalli 
Supergroup in its type area of Udaipur belt (Ahmad and Rajamani, 1988, 1991;Raza 
and Khan 1993). Ahmad and Tarney (1994), however, have considered the basal 
Aravalli mafic rocks as late Archaean. Equivalent of these volcanic rocks are found 
in basal part of various sub-belts of the Bhilwara belt (Roy et al 1981; Deb et al. 
1989). In the Jharol belt this volcanic activity is restricted along a lineament known 
as Kaliguman lineament. Here the magmatism is represented by metavolcanics 
(Bagdunda volcanics) which occur at its basal part and are well exposed in the area 
around Bagdunda (24®4r:73®32') (Sharma etal. 1988), and the Gopir volcanics and 
dykes occurring between Gogunda (24°45':73°34') and Damana (24°22':73°26') 
(Abu-Hamatteh ei al. 1994). The mafic-ultramafic rocks of Kaliguman lineament are 
developed along the central part of Jharol basin and the ultramafic rocks of 
Rakhabdev lineament which are developed along its eastern margin are younger than 
the Bagdunda volcanics as they occur at a comparatively higher stratigraphic level 
(Tables-1 and 2). 
The next younger phase of the AravalH mountain belt volcanism is represented 
by mafic volcanic rocks, which are found at two stratigraphic levels in the 
metasedimentary sequence, of Delhi Supergroup. The older rocks are those which 
occur at the base of Alwar group (1700-1500 Ma., Volpe and Macdougall 1990) and 
younger one occur within the Ajabgarh group (850-750 Ma., Volpe and Macdougall 
1990). The Alwar group volcanism is best represented by lava flows of Byana and 
Tehia areas of the north-eastern Rajasthan. The younger phase of Delhi volcanism 
is more widespread as indicated by the occurrence of metavolcanics and 
metasedimentary rocks of Ajabgarh Group in a linear belt approximately 450 km long 
and up to 30 km wide from Khetri in the north to Deri and Ambaji in the south. 
III. GEOLOGY OF UDAIPUR-JHAROL BASIN 
The triangular area bounded by Bhilwara belt in the east and Delhi belt in the 
west (Figure-1 :c) contains the rocks of Aravalli Supergroup which shows development 
of two distinct lithofacies associations, i.e., a carbonate-bearing shelf facies of 
Udaipur belt in the east and a carbonate-free deep water facies of Jharol belt in the 
west (Roy et al. 1988, 1993). The metasedimentary rocks of Jharol belt are 
considered to be deep water, distal-trubidite facies of shallow sediments of Udaipur 
belt (Roy and Paliwal 1981). In view of the similarity of tectonic trends and 
deformational history these two belts are considered to represent two separate 
segments of a single basin (e.g.. Deb and Sarkar 1990). Although, generalized 
geological framework of this basin has been given by many workers (Heron 1953, 
Raja Rao et al. 1971; Gupta ei al. 1980), a detailed stratigraphic evolution of the 
basin has been worked out by Roy et al. (1988). Recently, two regional stratigraphic 
correlation schemes have been proposed (Roy ^M/. 1993; Sinha-Roy e/cr/. 1993) as 
given in tables (1) and (2). 
According to Roy et al (1993) (Table-1), the shelf sequence of the Udaipur 
belt is sub-divided into two groups, i.e., lower and upper groups. The lower group 
starts with conglomerates, quartzite and basic volcanics referred to as Delwara 
Formation. This formation is overlain by a sequence of rocks comprising phyllites 
(locally carbonaceous), dolomite, quartzite and stromatolitic phosphorites 
(Jhamarkotra Formation). The upper group contains graywacke-slate-phyllite, 
rythmite, lithic-arenites at the base, overlain by quartzite, dolomite and silty arenite 
in the middle and slate phyllite at the top. The rocks of the Udaipur belt thin out 
towards the north and occur as irregular semears between the BGC and Delhi belt 
rocks. The grade of metamorphism does not exceed green schist facies, except in rare 
instances (Nahae/a/. 1967). No felsicmagmatism is reported in Aravalli Supergroup. 
The Jharol belt is bounded by the Udaipur belt in the east and Delhi belt in the west. 
It comprises of a thick column of phyllites and lutites with bands of quartzite and 
limestones (Sugden et al. 1990). Although, Jharol belt comprises mainly of deep 
water sediments, its basal part has an apparent resemblance with shelf facies basal 
formation rocks of Udaipur sequence. In Bagdunda area, an inlier of BGC occurs as 
an oval shaped exposure (Sharma et al. 1988). Here, the succession begins with 
interlayered fine grained quartzite bands (chert?) and mafic flows followed by thick 
sequence of meta-argillites containing mafic-ultramafic flows and fine quartzite 
bands up to 100 m thick in the upper part (Sugden 1987 as given in Drury 1990). 
In Jharol belt the mafic-ultramafic rocks occur in two N-S trending parallel belts. The 
first belt occurs between Rakhabdev in the north and Dungarpur in the south (Figure-
1 :c), and has been referred to as Rakhabdev lineament. This belt roughly coincides 
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with the contact between Udaipur and Jharol belts and is characterized by the 
occurrence of huge bodies of ultramafic rocks. During the present investigation, no 
mafic components were found in this belt and it appears to be comprised essentially 
of ultramafic rocl«. However, the presence of some highly altered mafic magmatic 
rocks can not be ruled out. The second belt, which was earlier considered to be made 
up entirely of ultramafic rocks, was found to consist of both mafic and ultramafic 
rocks, occurring along the central part of the Jharol basin. This belt runs between 
Gogunda in the north through Jharol to Damana in the south. In a recently published 
map of Geological Survey of India, this belt is shown as Kaliguman lineament (Gupta 
et al. 1980, Figure-l:c). 
Although the relationship between various units of Jharol belt is not very 
clear, the lithostratigraphic characteristics of Jharol belt may be summarized as 
follows: 
Basal fine grained quartzite-metavolcanics unit, which is exposed around 
Bagdunda village forms an oval shaped outcrop in the middle of the basin (Figure-
l:d). The unit overlies the gneissic basement as it has unconformable contact 
relationship with the Banded Gneissic Complex (BGC). The mafic rocks, referred 
to as Bagdunda amphibolites by Sharma et al. (1988), are found intercalated with thin 
bands of basal fine grained quartzite (chert?) (Plate-1). 
The basal unit is followed by a thick sequence of garnetiferous mica-schist 
(meta-pelites) which forms the major part of Jharol belt. The garnetiferous mica-
schist is followed by thick sequence of massive fine grained quartzite (chert?) and 
mafic-ultramafic rocks which appear to be occupying the upper levels of the Jharol 
belt stratigraphy. The ultramafic rocks are sometimes associated with chert bands 
(Mohanty et al. 1993). Isolated ultramafic rocks (talc-chlorite schist) are also found 
sporadically within the garnetiferous mica-schist. They occur either as continuous 
bands or in the form of isolated lenses, probably due to transverse faults 
(Sychanthavong and Singh 1994). 
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IV. FIELD OCCURRENCE OF THE MAFIC AND ULTRAMAFIC ROCKS 
OF JHAROL BELT 
The mafic rocks of Jharol belt as discussed in previous sections appear to 
occur at two tectono-stratigraphic levels. The older ones are those found as 
intercalated flows within the basal quartzite near Bagdunda area. The younger mafic 
rocks are those which occur associated with ultramafic rocks within the garnetiferous 
mica schist at a higher stratigraphic level. Both these mafic units are folded, faulted 
and metamorphosed along with the associated metasediments. In literature, these 
mafic-ultramafic rocks have been generally described as ultramafic intrusions by 
previous workers. Heron (1953) considered them as sills, whereas Patel and Merh 
(1967) believe that they are intruded during terminal phase of Aravalli sedimentation. 
Some workers described these rocks as an obducted oceanic crust (Sychanthavong 
andDesai 1977; Sen 1981; Sinha-Roy 1988;Mohantye/a/. 1993). Roy era/. (1988) 
consider their emplacement as synsedimentary, at terminal phase of Aravalli 
sedimentation, emplaced at the time of deepening of basins. In a recent publication, 
Sugden e/ al. (1990) suggested that the emplacement of these rocks was controlled 
by the rupture and break up of the BGC along the Rakhabdev lineament. Subsequently, 
with the thinning of the crust which become site for asthenospheric upwelling the 
ocean crust was formed. These authors also believed that the spreading centre as well 
as the basement rock were buried by Jharol sediments which are rarely exposed, for 
instance, in Bagdunda area. 
The present study suggests that, the linear belt which runs along the central 
part of the basin between Gogunda and Damana consists of both mafic and ultramafic 
rocks (Abu-Hamatteh 1992; Abu-Hamatteh e/a/. 1994). Although the deformation 
and metamorphism have obliterated most of their primary mineralogy, textures and 
structures, yet some relict features are preserved which suggest that these mafic-




Bagdunda volcanics which are described earlier occur as amphibolites (Sharma 
et al. 1988) are intercalated with fine grained quartzite bands (Plate-1) which are 
sometimes of fuchsitic nature. This quartzite-volcanic unit overlies the BGC with 
unconformable contact relationship, and appear to show apparent similarities with 
the basal unit of Udaipur belt (Roy and Paliwal 1981) although the quartzites in the 
latter belt are coarse grained as compared to those of Jharol belt. The metavolcanics 
are generally light to dark greenish in colour, often co-folded with the associated 
micaceous quartzite. In addition to their intercalation with quartzite (Plate-1) the 
extrusive nature of these basal mafic volcanics is illustrated by the presence of 
stretched and deformed amygdules (Plate-2) which are found on the road cutting 
between Bagdunda and Gogunda. At some localities these rocks show alternative 
dark and light bands with well developed schistosity plains. The samples of these 
mafic rocks collected from this area are referred to as Bagdunda volcanics (BAV) 
throughout the text. 
Gopir Volcanics, Dykes and Associated Ultramafic Rocks (Kaliguman 
Lineament) 
The younger mafic rock which are found associated with ultramafic rocks 
occur as minor flows and dykes and are well developed around Gopir and Challi areas 
in the southern part of Jharol belt. 
In the northern part of the belt, huge ultramafic bodies are exposed near 
Modri village and extends up to little north east ofBagdunda village, for about 8 km. 
Near Modri the ultramafic rocks are found to be associated with minor carbonate and 
chert bands. The ultramafic rocks are fine to medium grained with light greenish to 
grey colour. They have undergone green schist facies metamorphism and are 
serpentinized and intensively deformed. 
South of Modri, near Jhameshwarjee temple, the ultramafic rocks are exposed 
almost in N-S direction. They show intercalation with fine grained almost glassy 
13 
PLATE-1 
PIate-1 Intercalation of Bagdunda volcanics (basal Jharol volcanics) 
with the basal quartzites near Bagdunda. 

blackish quartzite bands (Plate-3) which are up to 25 m thick. These quartzites have 
gradational contact with the ultramafics while the latter have a sharp contact with the 
mica-schist. At places the ultramafic rocks have pitted appearance (Plate-4) 
probably indicating removal of material due to secondary process. They are generally 
fine grained, but at some localities the crystals of actinolite-tremolite are large 
enough to be measured by scale, for instance, near Majam village east of Bagdunda. 
The ultramafic rocks reappear south of Bagdunda and extends up to the southern part 
of the belt beyond Damana area. 
In Challi area (south of Bagdunda), the ultramafics are associated with mafic 
rocks near Undithali village. The ultramafics are greenish in colour, compact and 
talcose and are fine grained rocks. The relicts of possible pillow lava structure 
(Plate-5) are found around Challi area at Palayal Ghati mines along the road 
connecting Gogunda with Jharol. 
Further south, near Gopir village, this belt contains both mafic and ultramafic 
rocks. The mafic rocks of Gopir are very hard and massive containing no talc or 
serpentine, but the ultramafic rocks are green coloured, serpentinized and talcose 
rocks. Here the mafic rocks are of two varieties, the predominant type is fine grained 
rocks with well developed schistosity (probably representing flows) and the other 
being hard, massive and coarse grained probably representing dykes. The mafic rocks 
from this area are referred to as Gopir volcanics (GRV) and Gopir dykes (GRD). 
Ultramafic Rocks of the Eastern Margin of Jharol Basin (Rakhabdev Lineament) 
The ultramafic rocks of Rakhabdev lineament are well developed around 
Rakhabdev, Dungarpur and Kherwara in the south-eastern part of Jharol belt 
(Figure-l;c). In this area, no mafic rocks are found associated with the ultramafic 
rocks. These ultramafic rocks consist mainly of serpentine with widespread alteration 
to talc, carbonate, chlorite and actinolite-tremolite assemblages. They are 
concordantly emplaced within phyllite, mica-schist, quartzite and dolomite with 
often sheared and faulted contacts (Chattopadhyay and Gangopadhyay 1981). They 
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PInte-3 Jharol uitramafics intercalated with quartzite bands near 
Jameshwarjee temple. 
I PLATE-4 
PIate-4 Pitted appearance in Jharol ultramafics near Jameshwarjee 
temple, indicating removal of some material during post 
crystallization processes. 
PLATES 
Plate-5 S o m e s u s p e c t d e f o r m e d p i l l o w s in Jharol u l t r a m a f i c s a r o u n d 
Chall i area. 
are generally massive to irregularly fractured, but sometimes they are strongly 
foliated and tightly folded. They occur as huge bodies aligned in the N-S direction 
with tens of km in length and 2-3 km in width. At some places near Paraya Goan 
around Rakhabdev town, they are very fine grained rocks (antigorite) having flow 
characteristics (Plate-6). 
V. AGE AND CORRELATION 
Till date, no radiometric data is available on the rocks of Jharol belt and thus, 
the age of these mafic-ultramafic rocks has been variously interpreted on the basis 
of lithologic and structural controls of the area. There are two views regarding the 
mode of occurrence and emplacement of these mafic-ultramafic rocks. 
As discussed in the previous sections, according to Heron (1953) these mafic-
ultramafic rocks are sills, suggesting that they are younger than the Aravalli 
sediments. Patel and Merh (1977), though supported the intrusive nature of these 
rocks but observed that probably they were intruded at the culmination stages of 
Aravalli sedimentations which implies that they are younger than Aravalli sediments 
but relatively older than the age assigned by Heron (1953). Some other workers, viz, 
Sychanthavong and Desai (1977), Sen (1981), Sinha-Roy (1988) and Mohanty et al. 
(1993), believe that these mafic-ultramafic rocks represent an obducted ancient 
oceanic crust. 
Contrary to the above observations, Roy et al. (1993) and Sugden et al. 
(1990) considered emplacement of these mafic-ultramafic rocks contemporaneously 
with the deposit-jn of Aravalli sediments, at the time when the basin was undergoing 
deepening. This implies that the mafic-ultramafic rocks of Jharol belt are of Aravalli 
age. 
The similarity of the basal stratigraphy of Jharol belt in the Bagdunda area 
(Sharma et al. 1988) with that of the basal unit of the main Udaipur belt, in the type 
area, suggests that the volcanic rocks occurring around Bagdunda are equivalent to 
the basal Aravalli volcanics (about 2000 Ma-2600 Ma; appendix-I). On the other 
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PLATE-6 
Plate-6 Jharol ultramafic rocks exposed around Rakhabdev area, 
hand, the mafic-ultramafic rocks (Kaliguman lineament) of the central part of Jharol 
belt, which occur ajt higher stratigraphic level, are of comparatively younger age. 
Several isotopic studies document the possible ages of the various litho-units 
of Aravalli region, these are summarized and presented in appendix-I. 
Available Sm/Nd model ages indicate that the basal Aravalli volcanics may not 
be older than 2600 Ma (Macdougall et al. 1984). The Berach granite, which has been 
considered as the youngest unit of the BGC, has yielded a Rb/Sr isochron age of about 
2500 Ma (Crawford 1970). The Dharwal granite, which is believed to have been 
emplaced during the earliest deformation of Aravalli rocks (Naha et al. 1967), has 
been dated at 2000 Ma (Gopalan 1984). On the bases of these evidences it may be 
inferred that the Aravalli sequences of Udaipur and Jharol belts developed during the 
period between 2500 Ma and 2000 Ma. 
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Chapter - 2 
PETROGRAPHY 
CHAPTER TWO 
P E T R O G R A P H Y 
Petrography has been defined by many workers in different ways with 
different objectives. The simplest being petrography is the systematic description of 
rocks in hand specimen and thin sections (Whitten and Brooks ] 972). A generalized 
knowledge of the lithological aspects of the rocks is essential for understanding the 
geology of an area, it is, therefore, necessary to work out the petrographic details of 
the mafic and ultramafic rocks of Jharol belt. 
After a careful examination of all the samples in hand specimen, about 200 thin 
sections of selected samples have been prepared and studied from mineralogical and 
textural point of view. 
The field characteristics of Jharol mafic-ultramafic rocks have been discussed 
in the preceding chapter. Three different types of rocks are found within the Jharol 
belt associated with the deep water facies. These are: (1) the Bagdunda volcanics 
predominantly of mafic composition, (2) the Gopir mafic volcanics and dykes and (3) 
the ultramafic rocks. 
Since these rocks have suffered multi-phase deformation and regional meta-
morphism up to the grade of green schist facies, the primary mineralogy and textures 
have generally been partly obliterated. However, their extrusive nature is sometimes 
recognized in the field on the basis of certain characteristics, such as, the interca-
lation of the ultramafics with fine grained quartzite bands (Plate-3), the presence of 
relicts of pillows in the ultramafic rocks (Plate-5) and deformed-stretched vesicles 
found in Bagdunda volcanics (Plate-2). 
In the following paragraphs, the petrographic and mineralogical features of 
the mafic and ultramafic rocks of Jharol belt are discussed as they are observed under 
the microscope. 
Bulk of the rock samples from Jharol mafic-ultramafic rocks are composed of 
secondary minerals, such as serpentine, hornblende, chlorite, actinolite-tremolite, 
calcite and quartz. Plagioclases and few clinopyroxene relicts appear to be primary. 
There are three varieties of ultramafic rocks occurring in Jharol belt. The first one 
is fine to medium grained, massive rock without any preferential orientation of 
dimensional minerals. This variety consists mainly of serpentine which may be 
present as an alteration products of olivine and pyroxene. These rocks do not 
preserve any spinifex texture or other related textures. Criss-crossing veins of 
fibrous serpentine are common. There is no other major mineral constituent, except 
for opaque minerals which could be magnetite, chromite or chrom-spinel occurring 
as accessory phases. The other variety of ultramafic rocks is made up essentially of 
chlorite showing random orientation, and probably was formed in response to 
metamorphic and alteration process, commonly found in ancient mafic-ultramafic 
rock associations (Condie 1981). The third variety consists mainly of actinolite-
tremolite with variable proportions of talc, asbestos and carbonates. 
The mafic unit of Gopir volcanics and dykes consists more than 50 per cent 
hornblende of fine to medium grained verities. Generally the dykes are dark and 
massive, whereas the flows are fine grained and show development of schistosity. 
Plagioclase and quartz are present in very small amount with magnetite or chromite 
as accessory minerals. Some samples are made up predominantly of epidotes. 
Bagdunda volcanics display uniform mineral assemblages and textural rela-
tions. It consists of amphiboles with variable quantities of plagioclase and quartz. 
Relict of clinopyroxene and plagioclase crystals are sometimes found in relatively 
less altered mafic rocks of Gopir and Bagdunda (Abu-Hamatteh et al. 1994). 
MINERALOGY 
A brief account of the mineral assemblage is as follows: 
Serpentine is the major constituent mineral of Jharol ultramafics. Antigorite 
is the most common variety of serpentine in these rocks. It occurs in the form of fine 
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sheafs and plates often in a criss-cross meshwork, frequently cut across by chrysolite 
veins. The antigorite crystals are colourless in plain polarized light, with low relief 
They possess straight extinction and one set of cleavage. 
Actinolite and hornblende are the main varieties of amphibole. These minerals 
occur in the form of phenocysts as well as the ground mass. Actinolite crystals are 
light green in plain polarized light, with prismatic shape and show faint pleochroism. 
They show high second order polarization colours with extinction angles from 0°-8®. 
The crystals of hornblende are prismatic in shape, green coloured with marked 
pleochroism in the shades of green, bluish green, deep green to brownish green. The 
extinction angle is about 24°-27°. The crystals show second order interference 
colours and bear two sets of cleavages. The hornblende crystals generally have 
inclusion of iron oxides and quartz. 
In some of the dyke samples (e.g., samples GRD3 and GRX)4), zoisite 
(epidote) is the major constituent mineral. The prismatic crystals of zoisite/clino-
zoisite possess straight extinction, with one set of perfect cleavage. They are 
colourless in plain polarized light, showing high relief and deep sea blue interference 
colour. 
Chlorite is another important constituent mineral of Jharol volcanics. The 
flakes of chlorite show random orientation. They have low interference colour and 
show straight extinction. In more altered rocks, chlorite flakes are often present. 
They occur as fibrous crystals and possess very low relief, showing second order 
interference colour. 
Crystals of calcite have perfect three sets of cleavages. Some crystals show 
deformation effects, as the outline of the crystals appear to be curved. They show 
first order interference colour. The calcite crystals are generally found in association 
with antigorite crystals in most of the thin sections. 
In the fresh looking samples of Bagdunda volcanics, laths of plagioclase show 
lamellar twinning, with subhedral to anhedral crystal outlines. They are of oligoclase 
composition. Although they are in very small amounts, they are quite distinct in the 
thin sections. Plagioclase crystals seem to be the relicts which have escaped 
alteration and metamorphism. 
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The crystals of palagonite which are probably formed due to the alteration of 
fragmental basaltic glass are massive, green in colour and appear completely 
isotropic under cross-nicols. They show no pleochroism, with low birefringence. 
Quartz is found in minor amounts in the Gopir volcanics. 
Opaques occur in the form of anhedral crystals, irregular masses or fine dust, 
disseminated throughout the rock samples. They are mainly magnetite and ilmenite. 
20 
Chapter - 3 
GEOCHEMISTRY 
CHAPTER THREE 
G E O C H E M I S T R Y 
I. ANALYTICAL PROCEDURES 
Thin sections of the collected samples were studied to select the least altered 
samples and also to broadly classify them into mafic and ultramafic types based on 
their mineralogy. 
After reducing the size, without contaminating them or losing any of their 
components, the samples were hand crushed using steel mortar. The crushed samples 
were powdered to -200 mesh size in an agate mill. X-ray Fluorescence Spectrometry 
(XRF), Inductively Coupled Plasma-Atomic Emission Spectoscopy (ICP-AES; at 
WIHG), and Inductively Coupled Plasma-Mass Spectrometer (ICP-MS; at NGRI), 
were used to perform the analyses. For the mafic samples Nos. GRD3, GRD4, 
GRV5, GRV6, GRV7, BAV2, BAV3, BAV4 and BAV5, all the major elements and 
trace elements including Cu, Zr, Ga, Th, Pb, Ni, Rb, Zn and Sr were determined by 
XRF at WIHG. Trace elements including Ba, Cr, Co, V, Y, Nb and Sc, were analysed 
using ICP-AES at WIHG. Mafic samples Nos. GRV9, GRDl l , GRV13, GRV18, 
GRV19, GRV20, GRV22, GRV28, GRV31, GRV32, BAV7, BAV21, BAV24 and 
BAV41 were analysed for major elements and Zr using XRF and some selected trace 
elements (V, Cr, Ni, Sc, Y and Nb) by ICP at WIHG. Rest of the mafic samples were 
analysed at NGRI, using XRF followin g the methods given in Govil (1985) for major 
elements and ICP-MS for trace elements (except Zr) following the analytical 
procedure as given in Balaram et al. (1992). Zr for all the samples of Gopir (GRV 
and GRD series) and Bagdunda (BAV series) mafic rocks were analysed at WIHG 
using XRF on pressed power pellets techniques. 
For the ultramafic samples, SiO^ was analysed by XRF. The remaining major 
elements and selected trace elements including Co, Ni, Cr and V were analysed using 
ICP-AES at WIHG. 
V, Cr, Ni, Sc, Y and Nb for all the mafic samples were analysed at WIHG by 
ICP-AES and NGRI by ICP-MS. The difference in data generated at two laboratories 
is within the analytical uncertainties. 
The rare earth elements (REE) for samples GRD3, GRV5, GRV6, GRV7, 
BAV3 and BAV5, were separated from major and other trace elements using 
chromatographic columns following the methods of Walsh et al. (1981). The 
separated REE's were analysed using ICP-AES, at WIHG, Dehradun. On the other 
hand, the REE concentrations in the remaining mafic samples were determined 
without separation using an ICP-MS following procedures given in Balaram (1991 
a and b) and Balaram et al. (1992) at NGRI, Hyderabad. 
In order to check the analytical precision, we have used international stan-
dards BR-1, BEN, BHVO-1, BIR-1, AGV-1, W2, MRG-1, UBN, GSR-3, GSR-2, 
SP-13, JBI-a, JP-1, JB-2, AC-E and MBH for the analyses. 
The precision coefficient of variation and detection limits for various oxides 
and elements analysed at WIHG are the same as described in Bhat and Ahmad (1990) 
and Rathi et al. (1991). For the analyses carried out at NGRI, it is similar to those 
given in Balaram (1991 a and b), Balaram et al. (1992) and Govil (1985). 
At WIHG, Energy Dispersive X-Ray Fluorescence Spectrometer (EDXRF) 
model EDAXEXAM Six-Phillips PV 9100 was used. The operating conditions for 
major oxides determination were Anode-Ag-X-Ray tube, operating voltage-12 Kv, 
path vacuum and filter nil. While for trace elements Anode Ag-X-Ray tube, voltage 
was 40 Kv and Ag filter was used to reduce the background in spectrum. 
The ICP-AES instrument used was a Jobin Yvon model JY 70 Plus, with a 1-
m focal length Czerny-Turner, holographic grating, 3600 grooves/mm. and a 
Meinhard concentric glass nebulizer "type-C". The RF generator was 40.68 MHz 
single-phase unit, with power stable to better than 0.01 percent. The gas flow-rates 
(1/min.) were. Outer (coolant) 12; intermediate (auxiliary) 0; Central (carrier + 
sheath) 0.55 (Rathi et al. 1991). 
At NGRI, XRF Fluorescence (Phillips PW-1400 microprocessor controlled 
sequential X-Ray Fluorescence Spectrometer with 100 KVA X-Ray generator and 72 
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position automatic changer) using the procedure given in Govil (1985). The system 
outline and specification of the ICP-MS instrument (Plasma Quad) of VG Elemental 
Ltd., UK, at NGRI are given in Balaram (1991 a and b) and Balaram et al. (1992). 
II. RESULTS 
Forty seven samples of mafic rocks and thirteen samples of ultramafic rocks 
of Jharol belt were analysed. Generated data were fed to the computer for calculation 
of various elemental ratios and other parameters of petrogenetic significance using 
various geochemical/petrological programs (example:- Trazas: Cebria and Lopez-
Ruiz 1992; [Mg] and [Fe] compositionally corrected abundances: Rajamani et al. 
1985, 1989; Ford et al. 1983; Quattro-Pro and Harvard Graphics-HPG). The data 
are presented in different tables. Major and trace elements of Jharol ultramafic rocks 
are presented in table (3) and major, trace and rare earth elements of Gopir volcanics 
(GRV) and dykes (GRD) and Bagdunda volcanics (BAV) are presented in table (4) 
and (5) respectively. The various major and trace element ratios and other param-
eters of Jharol ultramafics and Gopir and Bagdunda mafic rocks are given in tables 
(6), (7) and (8) respectively. 
IIL MAJOR ELEMENT DISTRIBUTION 
The range of variation and averages of various major oxides for Bagdunda and 
Gopir mafic rocks and for the Jharol ultramafics are given in table (9). However, the 
important characteristics are discussed as follows:-
It is evident from table (9) that most of the elements show a large variation 
in their concentration. For example SiO^ which plays a dominant role in the 
determination of various rock types ranges from 47.1% to 52.2%, 40.5% to 47.3% 
and 38.2% to 44.7% in Bagdunda and Gopir volcanics, and dykes respectively. The 
lowest concentration of SiO^ among Gopir volcanics and dykes are found in samples 
GRD3 and GRD4. These two samples also contain high CaO concentrations (17.75% 
and 17.21% respectively). It is possible that the observed low SiO^ and abnormally 
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high CaO contents in these samples may be due to epidotisation of these samples, as 
epidotes form one of the dominant phases in these samples. Other samples do not 
appear to show abnormal values of SiO^ and CaO. 
Another important element which shows a significant variation is MgO. The 
ultramafic samples of Jharol belt are characterized by high concentration of MgO. 
Their MgO content varies from 36.3% to 41.5% with an average of 38.3% (Table-
9). On the other hand, the MgO contents in Bagdunda and Gopir volcanics and dykes 
show a range of variation from 7.7% to 12.7% , 8.2% to 13.4% and 10.5% to 14.4% 
respectively. In general, the Gopir rocks appear to be more MgO rich than Bagdunda 
volcanics. 
FeO' (Total iron) is very high in the Gopir volcanics and dykes (avg. 14.00% 
and 13.38% respectively) than in the associated ultramafics (avg. 6.13%). The FeO' 
content of Bagdunda volcanics ranges between 10.05% to 15.41% with an average 
of 12.05%. 
AljOj, which is an essential structural constituent of many of the minerals, 
varies between 11.5% to 13.4% (avg. 12.5%) in Bagdunda volcanics , from 11.4% 
to 13.9% (avg. 12.8%) in Gopir volcanics and from 11.3% to 15.2% (avg. 13.1%) 
in the dykes. In the ultramafic samples it ranges from 1.0% to 3.6% with an average 
value of 2.1%. 
A range of variation is also observed in CaO contents. It ranges from 9.97% 
to 12.75% (avg. 11.43%) in Bagdunda volcanics , from 10.49% to 17.06% (avg. 
12.69%) in Gopir volcanics and from 11.64% to 17.75% (avg.14.37) in the Gopir 
dykes. The ultramafic samples show low abundance of CaO (0.01% to 0.53%; avg. 
0.12%) compared to the associated Gopir mafics (Table-9). 
The minor elements TiO^ and PjOj, which are considered to be less affected 
by alteration processes and are of great petrogenetic significance (Winchester and 
Floyd 1976; Mullen 1983), show more or less uniform variation in Gopir and 
Bagdunda mafic rocks (Table-9). Among all the mafic samples of Gopir volcanics 
only sample GRV30 shows a very low TiO^ content (0.27%), which also has the 
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lowest Nb (3 ppm) content. TiOj content in Jharol ultramafics show variation from 
0,01% to 0.14% and averages at 0.06%. P^O, varies between 0.04 and 0.24 (avg. 
0.13) in Bagdunda volcanics (TabIe-5), 0.07 and 0.28 (avg. 0.16) in Gopir volcanics 
and 0.11% to 0.23% (avg. 0.16%) in Gopir dykes (Tabie-4). K f i and Na^O 
concentrations are below detection limits in all the ultramafic samples (Table-3). 
The Mg number (100 MgO/MgO+FeO'; cation % tables 10 and 11 ) ranges 
between 87.19 and 95.87, with an average value of 91.78 in Jharol ultramafics, which 
are much higher than the associated Gopir mafics volcanics (50.28 to 63.73; avg. 
59.16) and the dykes (56.15 to 68.16 ; avg. 61.63). On the other hand, Gopir 
volcanics and dykes show higher values of Mg numbers than those of Bagdunda 
volcanics (48.81 to 66.9; avg. 57.39). 
To examine the possibility of Jharol ultramafics being of komatiitic nature or 
not, we compare their critical elemental abundances and ratios with established rocks 
of komatiite affinity from other parts of the world. Since the discovery of komatiite 
and other related rocks from south Africa (Viljoen and Viljoen 1969), the high Mg 
rocks from Precambrian sequences have attracted considerable attention. In recent 
years, the ultramafic and mafic rocks from the worldwide Proterozoic supracrustal 
sequences have been classified as komatiite-tholeiite associations (Baragar and 
Scoates 1987; Arndte/a/. 1987; Crow and Condie 1990; Ahmad and Rajamani 1988, 
1991; Raza and Khan 1993). 
Komatiites are characterized by high MgO (>18%) (hydrous basis: Arndt and 
Nisbet 1982), low TiO^ (<0.9%) and low alkali content (0.9%) and their CaO/Al^Oj 
is more than 0.8 and MgO/Al^Oj ratio is more than 0.6 (Nesbitt el al. 1979). 
Moreover, the presence of quenched or spinifex texture is considered to be an 
important feature to call a rock as komatiite. Jharol ultramafics do not record any 
spinifex or other related textures. Also their CaO/Al^Oj ratios are low (avg. 0.78) 
and MgO/AljOj ratios are too high (avg. 19.98). These features preclude to classify 
Jharol ultramafics as komatiites. 
Various analysed elements of Jharol ultramafics, when plotted against less 
mobile elements such as TiO^, Al^Oj and Cr and relatively mobile MgO and FeO' 
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(Figure-2:a,b,c and d), no clear trend is observed in any of these plots. Such scatter 
appears to suggest large scale mobilization of elements during post igneous pro-
cesses. Thus, due to the altered nature of these ultramafics (Plate-4) and lack of trace 
elements including REE data, these rocks will not be considered for any detailed 
petrogenetic discussion. These ultramafics were not analysed for incompatible trace 
elements and REE because the concentrations are likely to be very low and this is 
evident from the analyses of K^O, NaO^ and P^Oj (Table-3), which are found to be 
below detection limits. Therefore, the mafic units, i.e., Gopir volcanics (GRV), 
Gopir dykes (GRD) and Bagdunda volcanics (BAV) shall be subjected for further 
detailed studies. 
IV. TRACE ELEMENT DISTRIBUTION 
Trace elements are particularly useful in petrogenetic studies of igneous rocks 
(Taylor 1965; Gast 1968; Weill et al. 1974; Hanson 1980; Carr and Fardy 1984) 
because they have several distinct advantages over major elements. They are 
partitioned strongly into either crystalline or liquid phase, making them more 
sensitive indicators of both degree and mechanism of differentiation compared to the 
major elements. The concentration of some major elements in magmatic rocks often 
gets drastically modified by secondary processes. However, the trace elements, 
particularly the high field strength elements (HFSE), transitional elements and REE 
are likely to remain immobile or less mobile (Winchester and Floyd 1977). Therefore, 
the trace elements are proved more useful, particularly in the assessment of petro-
genesis. 
Table (9) contains the concentration of various trace elements, ranges of 
variation and averages for Jharol ultramafics, Bagdunda volcanics, Gopir volcanics 
and dykes. To date, no analytical data is available on the trace element compositions 
of the mafic and ultramafic rocks of Jharol belt except for the preliminary work of 
Abu-Hamatteh (1992) and Abu-Hamatteh et al. (1994). The present study provides, 
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Figure-ZD: Binary plots of AI2O3 and Cr versus various major oxides and trace 
elements of Jharol ultramafics, showing scatter in plots, probably due to post 
crystallization alteration and mobilization. 
the extremely low concentration of some minor elements (e.g. K^O, TiO^ and PjO,; 
Table-3) in the ultramafic rocks of Jharol belt, they were analysed only for transi-
tional elements, i e., Ni, Cr, Co and V (Table-3). 
Ferromagnesian elements 
Cr, Ni, Co, V and Sc have been referred to as ferromagnesian elements or 
transitional elements. Crystal- liquid partitioning data indicate that these elements 
are preferentially partitioned into ferromagnesian minerals during partial melting and 
fractional crystallization processes. Thus, the abundances of these elements are very 
useful indicators of petrogenetic processes. 
As given in table (9), the Jharol ultramafics rocks have very high abundances 
of these elements (Cr: 650 ppm to 4742 ppm, avg. 2574 ppm; Ni: 1159 ppm to 2912 
ppm, avg. 2027 ppm; Co: 56 ppm to 141 ppm, avg. 99 ppm) compared to Gopir and 
Bagdunda mafic rocks. Whereas, Cr shows a wide variation ranging from 180 ppm 
to 2000 ppm with an average of 489 ppm in Gopir volcanics and 169 ppm to 1800 
ppm with an average of670 ppm in Gopir dyke, its variation is restricted between 160 
ppm and 710 ppm, averaging at 355 ppm in Bagdunda volcanics. Ni is also high in 
Gopir volcanics (62 ppm to 560 ppm; avg. 221 ppm) and Gopir dykes (157 ppm to 
710 ppm; avg. 364 ppm) compared to Bagdunda volcanics (93 ppm to 330 ppm; avg. 
172 ppm). 
Large ion lithophile elements (LILE) 
Ba, Rb, Sr, and K are included the category of LILE. The concentration 
as well as inter-element ratios of these elements are of great significance in 
petrogenetic processes (Drake and Weill 1975). However, in basaltic rocks of older 
ages, these elements do not often show their original concentrations due to their 
highly mobile nature. Because of their known mobility during alteration and 
metamorphism, Ba, Rb and Sr are not generally used for petrogenetic and tectonic 
interpretation. The mean values and range of variation of these elements for Gopir 
and Bagdunda samples are given in table (9). 
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High field strength elements (HFSE) 
The elements with small ionic radii and low radius/charge ratio have been 
referred to as high field strength elements. Zr, Y, Nb, Ta and Hf are the trace 
elements which have been included in this group. In addition to these elements, the 
minor elements Ti and P are also grouped with them. In the study of basaltic rocks, 
these elements have several advantages over other elements due to their distinct 
chemical behaviour. They are strongly incompatible (having very small bulk 
distribution coefficient) during partial melting of mantle source and less mobile 
during low-temperature alteration and low-grade metamorphism (Murphy and Hynes 
1986; Staudigel and Hart 1983; Grant 1986; Pearce and Norry 1979; Saunders a/. 
1980; Shervis 1982). Moreover, in the crust these elements are held in refractory 
minerals such as zircon, sphene and epidote, due to which the small degrees of crustal 
melting are unable to partition these elements strongly into the melt (Watson and 
Harrison 1984). Due to these reasons, the concentration of these elements in basic 
magma is generally not affected by selective assimilation of crustal material. The 
ratios of these elements are not, by and large, affected by fractionation of olivine, 
pyroxene and plagioclases (Cox et al. 1979). The abundance of these elements in 
basaltic magma shows a general increase from island arc through ocean floor to 
within plate magma types (Pearce and Cann 1973; Pearce and Gale 1977; Pearce 
1982, 1983). 
Zr contents of Gopir volcanics vary from 65 ppm to 203 ppm with an average 
value of 126 ppm and in Gopir dykes from 76 ppm to 244 ppm with an average of 169 
ppm (Table-9). In Bagdunda volcanics Zr abundance varies 52 ppm to 170 ppm with 
an average of 83 ppm. Y shows a variation between 27 ppm and 52 ppm with an 
average of 37 ppm in Gopir volcanics, from 33 ppm to 76 ppm with an average value 
of 62 ppm in Gopir dykes, while in Bagdunda volcanics it varies from 22 ppm to 39 
ppm with 30 ppm as an average value. This clearly shows that the dyke samples have 
much higher abundances of Zr and Y compared to both the volcanic units. 
Nb contents in Gopir volcanics and dykes show wide range of variation from 
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3 ppm to 23 ppm with an average of 16 ppm and from 8 ppm to 22 ppm with an average 
of 14, respectively. On the other hand, in Bagdunda volcanics Nb ranges from 4 ppm 
to 15 ppm with a lower average value of 9 ppm (TabIe-9). Comparatively the Gopir 
volcanics and in particular the dykes appear to be more enriched in HFSE than 
Bagdunda volcanics (Tables- 4, 5 and 9). 
V. RARE EARTH ELEMENTS (REE) 
The rare earth elements lanthanum (La) to lutetium (Lu), possess very similar 
chemical behaviour. They can be fractionated partially, from one another, by several 
igneous processes. Except for Eu and Ce the REE are trivalent under most geological 
conditions. There is a small but steady decrease in the ionic radii for the trivalent REE 
in octahedral coordination from La to Lu. Thus, a given REE has geochemical 
characteristics very similar to those of its nearest atomic neighbour, but differ 
systematically from those of the REE with greater or smaller atomic numbers 
(Hanson 1980). These are the characteristics which make the rare earth elements an 
important tool in igneous petrogenesis. They are, therefore, believed to be fraction-
ated by magmatic processes and their relative abundances appear to record reliably 
the effect of primary differentiation processes in igneous geochemistry and they 
reflect the primary nature of the magma chemistry (Sun and Nesbitt 1978; Jahn and 
Sun 1979). 
The REE abundances normalized against chondritic value proved to be a 
widely useful way to examine the relationship between and within the suites of 
igneous rocks, particularly with regard to partial melting and fractional crystalliza-
tion modelling. The REE with lower atomic numbers (La to Sm) are generally 
referred to as light REE (LREE) and those with higher atomic numbers (Gd to Lu) 
as heavy REE (HREE). Sometime the term middle REE (MREE) is applied to the 
group of elements from Pm to Ho. 
REE data on mafic/ultramafic rocks of Jharol belt are not available in 
literature except for few mafic samples (Abu-Hamatteh 1992; Abu-Hamatteh et al. 
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1994). In the present study 14 samples of Gopir volcanics, 5 samples of Gopir dykes 
(Table-4) and 12 samples of Bagdunda volcanics (Table-5) have been analysed for 
9 REEs, viz: Ce, Nd, Sm, Eu, Gd, Dy, Er, Yb and Lu. 
Chondrite normalized REE patterns of Gopir volcanics range from depleted 
[with avg. (Ce/Sm)^ = 0.55 and (Ce/Yb)^ = 0.75] to nearly flat [avg. (Ce/Sm)^ =1.12 
and (Ce/Yb)j^ = 1.23], Gopir dykes show LREE enrichment with average (Ce/Sm)^^ 
= 2.07 and (Ce/Yb)^ =5.05 (Figure-3). In general, the total REE of Gopir volcanics 
are low, ranging from 34.16 ppm to 82.78 ppm with an average of 56.34 ppm. The 
dyke samples on the other hand are highly enriched in LREE with total REE content 
ranging from 51.69 ppm to 283.74 ppm with an average of 174.91 ppm (Table-4). 
Among all the samples showing depleted to flat pattern (Figure-3; b, c and d), 
samples GRV7, GRV19, GRV24, GRV27 and GRV33 show positive Eu anomalies 
(Figure-3: c). The dyke samples which are plotted in figure (3:a) show LREE 
enriched patterns (with about 65-290 X chondrite Ce and 20 - 60 X chondrite Yb) 
with negative Eu anomalies. The REE abundances of the Gopir volcanics and dykes 
suggest that they may have been derived from different sources or due to the various 
extents of melting of similar source(s). These possibilities will be further examined 
in the section dealing with petrogenesis and source chemistry. Another feature of 
these samples is that, the middle and heavy rare earths (Gd-Lu) of all the samples, 
whether depleted, flat or enriched in terms of their LREE ratios, are essentially flat 
to slightly fractionated (Gd/Er)^ = 0.91 to 1.68 (Figure-3) This feature is commonly 
not observed in modern oceanic basalts (e.g., MORB and JAB) but characterizes 
some of the Precambrian tholeiites (e.g., Kolar schist belt: Rajamani et al 1989; 
Abitibi belt, Quebec: Lafleche et al. 1992). 
The total REE of Bagdunda volcanics ranges from 28.55 ppm to 95.51 ppm. 
The chondrite normalized patterns of Bagdunda volcanics are shown in figure (4: a, 
b and c). As evidenced from these figures, the Bagdunda volcanics appear to be 
depleted in terms of LREE ratios [avg. (Ce/Sm),^ = 0.43 and (Ce/Yb)^^ = 0.72], except 
for sample BAV3 which shows an enriched nature (about 30 X chondrite Ce and 12 
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Sun and McDonough (1989). 
X chondrite Yb with (Ce/Sm)^= 1.11 and (Ce/Yb)^= 2.63) (Figure-4:c). The middle 
and heavy rare earths are moderately fractionated with (Gd/Er)^ = 1.04 to 2.04 and 
(Gd/Yb)jj = 0.92 to 2.23 (Figure-4). In this regard the Bagdunda volcanics have 
relatively more fractionation of MREE and HREE with respect to those of Gopir 
samples (Normalizing values after Sun and McDonough 1989, see appendix-II). The 
relative range of abundance of individual REE of these volcanics are compared to 
those of Gopir volcanics and dykes and presented in table (9). 
VI. EFFECTS OF ALTERATION 
Ancient volcanic rocks, in general, have undergone some degrees of alter-
ation, so that their original composition may be pertured. Therefore, it becomes 
necessary to verify whether the composition is magmatic or has been modified during 
post igneous processes. If alteration is established, then it is required to examine the 
extent to which individual elements have suffered due to alteration. It is a well 
known fact that alteration processes can significantly affect both major and trace 
element distributions (Christeine/a/. 1973; Hart e/fjf/. 1974; Scott and Hajash 1976; 
Winchester and Floyd 1976; Humphris and Thompson 1978; Ludden and Thompson 
1979; Bienvenu et al. 1990). Kay e/a/. (1970) have observed that elements such as 
K, Rb, Cs, and U are both abundant and mobile in the oceanic environment. These 
elements may be added to oceanic ridge basalts either during submarine weathering 
and/or during hydrothermal circulation. Frey et al. (1974) have suggested that 
altered glass can show a marked decrease in REE abundance (except Ce) whereas, 
altered crystalline rocks can suffer increase rn Sr, Ba, LREE and decrease in HREE, 
Y, Sr, Sc, Nb and Ni concentrations. They also observed that alteration can produce 
enrichment or depletion of Eu relative to its neighbouring elements. Based on his 
own observations and also on available literature (e.g.,: Frey e/a/. 1968; Hart 1969; 
Hattori et al. 1972; Hermann et al. 1974; Hart et al. 1974), Condie (1976) has 
summarised the general effect of alteration and low grade metamorphism on element 
mobility, suggesting cautions to be observed in selecting elements for geochemical 
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and petrogenetic studies. The summarised chart is presented in appendix (III). 
Although there is a general agreement that major elements such as Na^O, K^O and 
CaO are appreciably mobile during alteration, there are conflicting results regarding 
the mobility of many other elements (Humphris and Thompson 1978; Condie et al. 
1977). The major elements, such as AI^Oj, FeO, MgO, TiO^ and P^Oj are generally 
considered either less mobile or immobile and thus, have been used variously in 
petrogenetic studies (e.g., Miyashiro 1974, 1975; Pearce 1970; Pearce c/fl/. 1977). 
In view of the above observations, it is necessary to examine the effect and 
extent of post crystallization processes in terms of both alteration and metamorphism 
on various elements before using the data for petrogenetic interpretation. 
The Jharol volcanics have been regionally metamorphosed up to the grade of 
green schist facies and also they have been subjected to intensive deformation. 
Therefore, compositional changes are expected. In the present section, the post 
eruption changes on elemental abundances of Jharol volcanics have been determined 
by using various diagrams and chemical criteria. 
In order to determine the nature and extent of mobility of various elements and 
to assess the effect of secondary processes on rock chemistry, some major elements 
of petrogenetic significance are plotted against SiO^ (Figure-5). Despite little 
scatter, trends in general are consistent with those of an evolving magma. The 
scatter in Na^O and to some extent in K^O plots, suggests their mobile nature. Other 
oxides appear to have not undergone any serious mobility. Moreover, it is very clear 
from figure (5), that Bagdunda and Gopir samples plot separately in these diagrams, 
where they can be distinguished on the basis of their SiO^, MgO, FeO' and to some 
extent TiO^ contents. However, it is not possible to distinguish between the Gopir 
volcanics and dykes in terms of their major elements characteristics. 
CaO/AljOj ratio has been considered as one of the most important character-
istics of basic magmatic rocks because it reflects the ratio of their mantle source 
(Cawthorn and Strong 1974; Perfit etal. 1980). The observed relationship between 
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of CaO/AljOj ratio for the Bagdunda and Gopir mafic rocks probably indicating that 
the elemental ratios are near primary and that elemental ratios in general are least 
effected by the post crystallization processes (Figure-6). 
In CaO/AUOj - MgO/10 - SiO/l 00 ternary diagram of Schweitzer and Kroner 
(1985), which is widely used to distinguish between the altered and unaltered 
volcanic rocks, all the mafic samples of Gopir and Bagdunda plot in the field of 
unaltered basalts (Figure-7). Notably, Gopir samples show some inclination towards 
low SiOj and high MgO apex, probably reflecting their more primitive nature with 
high MgO contents (Table-4). 
It has been generally observed that Ti is immobile or less mobile during 
various alteration processes, including low grade metamorphism (Pearce and Cann 
1973;Pearcee/fl/. 1975; Winchester and Floyd 1976, 1977; Mullen 1983). There-
fore, to evaluate further the validity of MgO and CaO data for Gopir and Bagdunda 
samples, their MgO/TiO^ and CaO/TiO^ ratios are plotted against each other (Figure-
8). The sympathetic relationship between these two ratios again negates any serious 
impact of secondary alteration of these elements in both the suites. 
In figures (9) and (10) some of the analysed elements of these magmatic rocks 
are plotted against Zr, which is known to be relatively immobile (Winchester and 
Floyd 1977; Arndt and Jenner 1986; MacDonald et al. 1988). The trends in these 
figures suggest that the elements P^Oj, Al^O,, TiO^ (Figure-9) Nb, Y, Ce and total 
REE (Figure-10) have not been effected by secondary processes. It is interesting to 
note that the Gopir volcanics and dykes are clearly distinguished based on the REE 
and other incompatible trace elements data (Figure-10). The dykes form distinct 
trends in terms of incompatible trace element ratios, which are much different with 
respect to both Gopir and Bagdunda volcanics. Gopir and Bagdunda samples display 
smooth REE patterns (Figures 3 and 4) and parallelism in REE and multi-element 
patterns, probably also indicate that most of their incompatible trace and rare earth 
elements are not effected by post crystallization processes of alteration and metamor-
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major elements, is clearly seen in the incompatible trace elements, implying that the 
latter represent primary features. Therefore, we consider them to reflect closely their 
source characteristics. 
Although, some of the major elements (MgO, FeO', Al^Oj, TiO^, P^Oj, CaO 
and SiOj) of Gopir and Bagdunda rocks appear to display their primary abundances, 
some of them are unlikely to reflect the concentrations at eruption. Therefore, data 
on major elements will be used with caution. However, no major reliance is placed 
on these elements alone in the interpretation of petrogenesis and tectonic setting. 
Our interpretations are based preferentially on the minor and trace elements includ-
ing REE which are considered less mobile. Any chemical evidence adduced from 
major elements is tried to be confirmed by the use of immobile trace elements before 
reaching any conclusion. Furthermore, we have tried to select the least altered rocks 
for our geochemical studies. For the purpose of petrogenesis we shall be using only 
those chemical data which appear to be normal and avoid interpreting the extreme 
values. 
VII. ELEMENTS VARIABILITY 
The chemical variations and the difference in crystallization trends shown by 
the volcanic suites can reasonably be presented in a simple way by using variation 
diagrams. The compositional variation in an igneous suite is a consequence of 
crystal-liquid fractionation processes related to either partial melting or/and frac-
tional crystallization. In the present section, various variation diagrams are plotted 
for Jharol rocks (GRV, GRD arJ BAY) in terms of major oxides (wt.%), trace 
elements (ppm), their ratios and combination of these. These diagrams may provide 
useful clues to understanding the evolution of these rocks. 
One of the most commonly used variation diagrams in igneous petrology is the 
Marker diagram, in which the weight per cent of constituent oxides are plotted 
against weight per cent of SiO^, as abscissa. The major elements of Gopir and 
Bagdunda volcanics and dykes have been plotted against SiO^ in figure (5). It is 
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evident from these diagrams that both the suites display similar trends though they 
plot separately. In both the suites the MgO show progressive decrease with 
increasing SiO^. Because SiO^ and MgO both are considered as good indicators of 
igneous differentiation their negative correlation suggests that the fractional crystal-
lization has played an important role during the evolution of these rocks. The scatter 
particularly shown by Na^O and K^O may be assigned to post eruptional changes. The 
relationship observed between SiO^ and other elements may also be a reflection of the 
petrogenetic processes involved and to some extent their source characteristics. 
Variations in basalt chemistry are generally examined with respect to Mg-
numbers [100 MgO/MgO+FeO']. It has been shown that the Mg-numbers is 
relatively less sensitive to the degree of partial melting, but are highly sensitive to the 
amount of subsequent fractional crystallization, particularly of olivine (Hanson and 
Langmuir 1978). It is evident from tables (7) and (8), that Gopir volcanics and dykes 
have comparatively higher Mg numbers than those of Bagdunda volcanics which may 
indicate relatively less fractionated and more primitive nature of Gopir samples. This 
characteristic is also reflected in their low SiO^ values and transitional element 
concentrations which are comparatively higher in Gopir volcanics and dykes (Tables 
- 4, 5 and 9). On the other hand, the ultramafic rocks of Jharol belt having Mg 
numbers more than 87 (Table-6) appear to be very primitive with an insignificant 
extent of fractionation or they have some added magnesian cumulates. 
The CaO/Al^Oj versus TiO^ relationship as presented in figure (6), suggests 
the fractionation of olivine in both the suites as the CaO/AljO, ratio remains constant 
with increasing TiO^ (Dungan and Rhodes 1978). This ratio niay be one of the most 
important characteristics of a basic magmatic rocks because this ratio has been 
considered to reflect mantle source characteristics (Cawthorn and Strong 1974; 
Perfit et al. 1980). 
Bell etal. (1985), have shown the relationship of CaO/AljOj ratio with FeOV 
MgO ratio (Figure-11) to depict plagioclase, olivine + orthopyroxene and 
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(11), that Bagdunda volcanics display a good trend indicating a role of clinopyroxene 
fractionation in general and plus olivine in case of high MgO or low FeOVMgO 
samples during their magma evolution. Whereas, the trend displayed by Gopir 
volcanics suggests the fractionation of both olivine and plagioclase. The dykes 
suggest predominantly olivine + orthopyroxene fractionation. 
AljOj/TiOj and CaO/TiO^ ratios of the basaltic rocks have been widely used 
(Nesbitt etal. 1979; Sun and Nesbitt 1978; Sun etal. 1979; Hickey and Frey 1982; 
Rajamani etal. 1985). The basic concept in using these ratios in basaltic rocks is that 
CaO and Al^Oj behave compatibly and TiO^ incompatibly during melting of mantle 
sources. With increasing degrees of melting and exhaustion of CaO and Al^Oj phases 
from the source, CaO and AI^ O^ also behave incompatibly. Thus with increasing 
degrees of melting the CaO/TiO^ and Al^Oj/TiO^ will keep on increasing till they 
reach the source ratio, further melting will not change the ratio but the abundances 
of these elements will be diluted. Al^Oj/TiO^ and CaO/TiO^ ratios of Gopir and 
Bagdunda samples are plotted against TiO^ content in figure (12: a and b). These 
ratios follow the mid-oceanic ridge basalt (MORB) trend but do not reach the plateau 
(towards low TiO^ and high CaO/TiO^ and Al^Oj/TiO^ ratios), although they plot 
beyond the field towards higher TiO^ contents. This may indicate that (1) the samples 
represent varying degrees of partial melting and (2) that the source ratios of CaO/ 
TiOj and Al^Oj/TiO^ for these samples were similar to those of MORB. The higher 
TiOj abundances of some of the samples may indicate relatively lower degrees of 
melting of the same source. 
Since trace elements particularly the HFSE and REE have been proved more 
useful in tracing the source characteristics and modelling of the igneous fractionation 
processes (Paster et al 1974; Greenland 1970; Allgere et al. 1977; Hanson 1980; 
Carr and Fardy 1984), various incompatible elements of Jharol volcanics are plotted 
against Zr in figure (10: a,b,c and d). 
The Zr/Nb ratio has been found as a powerful discriminant between enriched 
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Figure-12: (A) TiOj versus Al203/Ti02 and (B) TiOz versus Ca0 /Ti02 
variation diagrams (after Nesbitt et al. 1979), showing identical trends 
of variation for Gopir and Bagdunda volcanics and dykes on one hand 
and these volcanics and MORE on the other. Note the relatively large 
variation in Ti02 contents, probably indicating large variation in the 
degrees of partial melting, if the samples are derived from similar 
sources in terms of these ratios. 
1983). The relationship between Zr and Nb as shown in Figure (10: a), indicates the 
relative enrichment of Nb compared to Zr. This diagram illustrates the less mobile 
nature o fZr and Nb and suggests moderately enriched nature of the source of the 
Jharol volcanics and dykes. The plot of Zr versus Y in figure (10 :b), shows the 
enrichment ofZr relative to Y. However, some samples exhibit Zr/Y ratio similar or 
less than that ofPM ratio (PM Zr/Y=2.64; Sun and McDounough 1989). This may 
also open the possibility that actually the source was not enriched but the enrichment 
observed in the samples may be due to lower degrees of partial melting, as chondritic 
to even depleted ratios are also observed for many of the samples, and it is possible 
that these samples may be representing high degrees of partial melting as indicated 
by the low abundances of the incompatible elements in these samples (Figure-10: a 
and b). As displayed by the REE patterns, both Gopir and Bagdunda volcanics are 
depleted in terms of their LREE and (Ce/Sm)^ ratios but the Gopir dykes are clearly 
enriched (Figures-3, 4 and 10:c). Because Zr and Ce are essentially incompatible 
elements for mantle melting and crystallization of basaltic magma, a oogenetic suite 
of rock should display collinear trend (Rajamani e/a/ . 1985). In a Zr-Ce diagram 
(Figure-10: c) most of the samples of Bagdunda and Gopir volcanics plot along linear 
trends but below the chondritic ratio line, except for the Gopir dykes which plot well 
above the chondritic line. The plot of majority of the volcanics below the chondrite 
line, suggest that Ce has been depleted relative to Zr. Otherwise in normal course 
of mantle melting Ce is expected to be more incompatible compared to Zr, and the 
former would have had higher abundances if they were generated from a flat 
(chondritic) or enriched source, thus probably indicating different sources, depleted 
in the case of volcanics and enriched in the case of dykes. Moreover, the similarity 
of REE patterns of these volcanics suggest that the Ce depletion compared to Nd and 
Sm may be characteristic of parent magmas and therefore, their mantle sources. 
Rajamani et al. (1985) suggested that in case of magmas generated from chondritic 
source, neither melting nor fractional crystallization of melts are expected to cause 
large deviations from the chondrite line, as both the elements are nearly incompatible. 
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The relationship between Zr and the total REE for Gopir and Bagdunda 
volcanics are shown in figure (10: d). In this diagram most of the samples fall along 
a common trend, except for the Gopir dykes, which have different sub-trend with 
higher total REE/Zr ratio, probably indicating similar source in terms of trace 
element ratios for both Bagdunda and Gopir volcanics, but totally different (highly 
enriched) source in the case of dykes as inferred earlier. 
In Sm versus Yb, Gd and Dy (Figure-13) diagrams, majority of the samples 
plot below the chondrite line which is also seen clearly in the fractionation of MREE 
and HREE in the REE patterns (Figures-3 and 4) probably indicating that the 
depletion was restricted only to LREE, whereas the MREE and HREE have been 
nearly flat to slightly enriched in the volcanic sources. However, ratios of Sm/Yb, 
Sm/Gd and Sm/Dy are much higher for the dykes, causing separate trends, probably 
indicate that the dykes source was not different only in terms of LREE but it had much 
more fractionated MREE and HREE also, compared to those of the sources for the 
volcanics (Figure-13). 
The Zr/Y ratio vary from 2,05 to 5.55 and from 1.81 to 5.67 in Gopir and 
Bagdunda volcanics respectively (Table 7 and 8), with averages of 3.41 for Gopir 
volcanics and 2.86 for Bagdunda volcanics. Majority of the samples having Zr/Y 
ratio higher than the chondritic ratio (Zr=2.46) probably indicating that the infer-
ences made earlier for the HREE also applies to Y. On a Zr/Y versus Zr plot (Figure-
14) both the volcanics suites and the dykes show an increase of Zr/Y ratio with 
increasing in Zr. It is possible to identify two distinct sub-trends in the case of 
Bagdunda volcanics, but the relationship is blurred, although overall positive in the 
case of Gopir volcanics. However, the dykes form a separate trend with a slope much 
different with respect to the trends/sub-trends of the flows (Zr/Y ratio ranges 
between 1.86 to 3.54; avg. 2.70) 
In Y/Nb versus TiO^ diagram, the Gopir and Bagdunda rocks show a negative 
trend, similar to that oftholeiitic rocks (Floyd and Winchester 1975) (Figure-15). It 
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Figurc-13: Sm versus Yb, Gd and Dy diagrams of Gopir and Bagdunda 
volcanics and dykes, shoving their fractionated characteristics of MREE 
and HREE. Chondrite ratios after Sun and McDonough (1989). 
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Figure-14: Zr versus Zr/Y variation diagram (after Pearce and Norry 1979) of Gopir and Bagdunda 
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Figure-15: TiOj versus Y/Nb variation diagram of Gopir and Bagdunda volcanics and dykes, 
showing sub-trends indicating the differentiation of melts representing variable degrees of partial 
melting in these magmatic rocks (after Floyd and Winchester 1975). 
Nb versus TiO^ plot is an indication of fractionation. However, the same trend may 
be explained by varying degrees of partial melting. Magmas representing lower 
degrees of melting will have higher Ti and lower Y/Nb ratio. Subsequently, with 
increasing degrees of melting the Ti abundances will be lowered and Y/Nb ratio will 
be increased attributing to a negative relationship as seen in figure (15). Large 
variation in Y/Nb ratio at a given Ti level for individual suites of flows and dykes , 
probably indicate more than one sub-trend for the suites individually. This may 
indicate involvement of both the processes separately or in combination. A sympa-
thetic relationship between Ni and Cr (Figure-16) agrees with the above observations 
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Figurc-16: Cr versus Ni variation diagram of Gopir and Bagdunda volcanics 
and dykes, showing sympathetic positive relationship, but with sub-trends for 
all these suites individually. 
Chapter - 4 
GEOCHEMICAL CLASSIFICATION 
CHAPTER FOUR 
G E O C H E M I C A L C L A S S I F I C A T I O N 
Earlier the volcanic rocks were sub-divided into two major magma series, 
alkalic and sub-alkalic. Such a division was employed and elaborated by many 
workers (Harker 1909; MacDonald and Katasura 1964; MacDonald 1968; Irvine and 
Baragar 1971; Miyashiro 1978). Subsequently, the dawn of plate tectonics (Le 
pichon 1968; Dewey and Horsfield 1970; Dickinson 1971), caused revolution in the 
geological thinking, as a result of which three principal magma series are now being 
recognised, each composed of a group of closely related magma types that are 
emplaced in/on the earth crust. These are tholeiitic, calc-alkaline and alkaline series. 
Tholeiite and alkaline series occur in almost all types of tectonic environments. 
However, the calc-alkaline rocks are restricted to subduction related tectonic 
settings. The alkali basalts and their differentiation products are commonly found in 
intra-continental plate rifts and as intra-plate volcanic plateaus within the ocean. 
At present, there are two different approaches to the problem of classifying 
the magmatic rocks. They are either considered to belong to a specific rock 
association or regarded as having evolved in specific tectonic and/or thermal 
environment. These two different methods of classification do not always comple-
ment each other (Middlemost 1985). 
Since primary igneous minerals and textures are rarely or partly preserved in 
the ancient metamorphosed rocks, the Jharol belt volcanics are classified here on the 
basis of their chemical data. In the present chapter, an attempt is made to utilize the 
geochemical criteria to classify the magma type(s) of Jharol volcanics and dykes and 
work out their eruptional/emplacement environment. For the purpose of identifica-
tion of their magma type(s), both in terms of rock association and tectonic setting, 
the major, minor and trace elements including REE concentrations of these volcanics 
are used and with the help of various discrimination diagrams, an attempt is made to 
achieve these objectives. 
I. MAGMA TYPES CLASSIFICATION 
In order to classify the magma types of Jharol mafic magmatic rocks, they are 
plotted in different diagrams involving major and trace element abundances. How-
ever, our interpretation rely more on those elements which were shown to be less 
mobile during the secondary processes (Figures-5 to 10). 
In AFM (A = Na^O + K p , F = FeO', M = MgO; Irvine and Baragar 1971) 
diagram, which is widely used to differentiate tholeiite and calc-alkaline series, the 
Bagdunda and Gopir volcanics and dykes plot above the demarcating line, depicting 
their tholeiitic affinity, where they follow the iron enrichment trend (Figure-17). 
Nevertheless, few samples are plotting below the boundary line in the calc-alkaline 
field, which is probably due to the post crystallization mobility of K^O + Na^O. In 
general this diagram suggests the tholeiitic nature of both the Gopir and the 
Bagdunda rocks. Their tholeiitic nature is also evident from FeO'/MgO versus FeO' 
(Figure-18) and FeO'/MgO versus TiO^ (Figure-19) diagrams of Miyashiro (1974). 
In the recent years, the Jensen's cation plot (Figure-20) has been widely used 
to identify chemically the komatiite, tholeiite and calc-alkaline suites using the 
concentrations of Al-Fe+Ti-Mg in cation per cent (Table - 10). The analyses of 
Bagdunda and Gopir volcanics and dykes are plotted in figure (20) in the same 
manner as suggested by Jensen (1976). It is significant to note from this plot that the 
rocks from Bagdunda volcanics classify as high Mg-tholeiites and Gopir samples 
classify predominantly as basaltic komatiite. 
In order to confirm or otherwise the tholeiitic affinity of Gopir and Bagdunda 
samples with more certainty, the minor and trace elements which were shown to be 
less mobile in Jharol rocks (Figures- 9 and 10) and in general are considered to be 
relatively less mobile during metamorphism and alternation processes are used (Cann 
1970; Pearce and Cann 1973; Field and Elliot 1974; Winchester and Floyd 1976; 
Floyd and Winchester 1978; Pearce and Norry 1979; Murphy and Hynes 1986). 
41 
Flgure-17: A(Na2O+K2O)-F(FeO0-M(MgO) ternary variation diagram of Gopir and 
Bagdunda volcanics and dykes, showing their tholeiite affinity. Compositional variation 
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Figure-18: FeOVMgO versus FeO' variation diagram (after Miyashiro 1974), depicting the 
tholelitic nature of Gopir and Bagdunda volcanics and dykes. 
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Figure-19: FeOVMgO versus TiOj classification diagram (after Miyashiro 
1974) of Gopii and Bagdunda volcanics and dykes, depicting their tholeiitic 
nature. 
Fe+Ti 
Figure-20: Jensen s (1976) cationic ternary diagram, showing compositional variation 
of Gopir and Bagdiinda volcanics and dykes from predominantly high Mg-tholeiite to 
basaltic komatiite affinity. 
YTC (Y = Y + Zr in ppm; T = TiO^ x 100 in wt %; C = Cr in ppm) ternary 
diagram (Davies et al. 1979) has been considered to show the original differentiation 
trends of a magmatic suite. It has been suggested that Y and Zr are enriched 
progressively during fractionation lilce Na^O and K p , TiO^ behaves very similarly 
like iron, which is enriched in tholeiitic suites and decreasing systematically in both 
calc-alkaline and magnesian suites and Cr follows MgO. In this manner, the YTC 
diagram is analogous to the widely used AFM diagram, but more reliable as it 
involves the elements which are less susceptible to alternation processes. In this 
diagram (Figure -21) samples of Bagdunda and Gopir volcanics follow a common 
trend as their plots fall on the line representing the tholeiitic-magnesian suite trend 
(Figure-21). The dykes form a separate trend falling between the tholeiitic and calc-
alkaline trends probably because of high Zr and Y in the dykes. The YTC diagram 
(Figure-21) which is predominantly based on trace elements also suggest that the 
Gopir and Bagdunda volcanics have evolved along a common trend very similar to 
that followed by cogenetic tholeiitic rocks, however the dykes appear to have a 
different evolutionary trend. 
To evaluate the above interpretations, further, Bagdunda and Gopir volcanics 
and dykes are plotted in Nb/Y versus Zr/P^Oj (Figure-22) and P^Oj versus Zr (Figure-
23) diagrams of Floyd and Winchester (1975). In these diagrams, all the samples plot 
in the tholeiite field. Like other diagrams, it is possible to identify sub-trends for 
individual suites. The tholeiitic affinity of these rocks is also depicted from Y/Nb 
versus TiO^ diagram (Figure-15; Floyd and Winchester 1975), where the steep 
negative trend is an indication of their tholeiitic affinity. 
In Nb/Y versus Zr/TiO^ diagram (Winchester and Floyd 1977), the Gopir and 
Bagdunda volcanics and dykes show sub-alkaline nature with predominantly 
basaltic composition although few samples (especially the dykes) with high Zr 
contents, plot in basaltic andesite and andesite fields (Figure-24). Their low Nb/Y 
ratio (0.10 to 0.55; Tables 7 and 8), is typical of sub-alkaline magmatic series which 
exhibits Nb/Y <1 (Pearce and Gale 1977). 
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Figure-21: Y(Zr+Y)-T(TiO2Xl00)-C(Cr) ternary variation diagram (after Davies et 
al. 1979), showing the Magnesian (Komatiitic)-tholeiite affinity of Gopirand Bagdunda 
volcanics and dykes. 
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Figure-22: Zr/PjOj versus NbA' plot (after Floyd and Winchester 1975) for Gopir and 
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Pigure-23: Plot of Zr versus PjO, (Floyd and Winchester 1975) for Gopir and Bagdunda 
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Figure-24: Nb/Y versus Zr/TiOj variation diagram (after Winchester and Flcyd 1977) for 
Gopir and Bagdunda volcanics and dykes, showing their sub-alkaline nature with predominantly 
basaltic composition. Note majority of the Gopir dykes plot in the andesite field due to their 
high Zr. 
II. TECTONIC SETTING CLASSIFICATION 
The preceding discussion leads to suggest that Gopir and Bagdunda volcanics 
and dykes are chemically tholeiitic basalts. Now to identify their environment of 
eruption, the data are plotted in various discrimination diagrams which are particu-
larly devised to classify the magma in terms of plate tectonic settings. Such diagrams 
have been widely used to draw conclusions for the tectonic setting ofancient volcanic 
suites (Roger et al. 1974; Pearce 1975; Bhat et al. 1981; Raza 1981; Bhattacharya 
et al. 1988). However, the use of these tectonomagmatic discrimination diagrams, 
though used widely, faces two important problems particularly in the case of ancient 
volcanic rocks. The most important problem is that of alteration and metamorphism. 
The second issue is the validity of uniformitarian approach for rocks older than 600 
Ma Further, the basic philosophy behind these diagrams has been questioned keeping 
in view of the changing/evolving nature of the rocks and changing tectonic regime 
with time, e.g., rifting of a continent to development of ocean through the stage of 
sea in the same area (Myers et al. 1987; Myers and Breitkopf 1989). 
Wang and Glover (1992) argued the applicability of the various discrimination 
diagrams and suggested that the reconstruction of paleotectonic setting should be 
based on geochemical data as well as the field relations, structure and petrology as 
an essential adjunct to geochemistry in determining ancient tectonic environments. 
It has also been observed that some suites of continental tholeiites may plot in the 
MORB field in various diagrams and may contain high concentration o fNb where the 
continental lithosphere is thin (Dupuy and Dostal 1984; Papezik and Hodych 1980; 
Greenough et al. 1985; Smith and Holm 1987; Wang and Glover 1992). In view of 
the above, the present study uses with caution a series of discrimination diagrams 
based on both major and trace elements including REE to broadly reach some 
conclusion followed by the use of multi-element geochemical patterns (MORB and 
PM) to make it more meaningful and realistic as they involve all the immobile 
incompatible elements. 
Ridley et al. (1974), proposed a discrimination diagram based on minor 
elements P^Oj and TiO^ contents which are considered to be immobile or less mobile 
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during secondary process (Pearce and Cann 1973; Winchester and Floyd 1977; 
Mullen 1983). In this diagram (Figure-25) Gopir and Bagdunda volcanics and dykes 
plot well within the field of mid- oceanic ridge basalt (MORB). 
The oceanic basalt aflfinity of these volcanics is also evidenced from TiO^ 
versus AljOj/TiO^ and TiO^ versus CaO/TiOj (Figure-12: a and b) variation diagrams 
of Nesbitt et al. (1979). In these diagrams, both these volcanic suites plot within the 
MORB field. 
Although the above discussed discrimination diagrams indicate ocean floor 
tholeiitic affinity of Gopir and Bagdunda magmatic rocks, it is still ambiguous for the 
simplest reason that these diagrams do not have any field for the continental mafic 
rocks. A rock belonging to continental setting has to plot somewhere in such 
diagrams. Therefore, to distinguish the continental from oceanic basalts, it is better 
to use diagrams which contain both oceanic as well as continental fields. 
Pearce (1982) has used TiO^ versus Zr and Cr versus Y diagrams to discrimi-
nate the mid-oceanic ridge basalt (MORB) and island arc basalt from the within plate 
basalts. In these diagrams (Figures 26 and 27) the Gopir and Bagdunda samples again 
plot in the field of MORB. However, the out lined MORB field partly overlap the 
fields of island arc basalt and within plate basalt in figure (26). Thus, plots of Jharol 
samples in this diagram can also be treated as to plot both in lAB and WPB, 
indicating their transitional nature between the two settings or between MORB and 
either of these settings, thus the picture remains ambiguous. It is also possible that 
the overlap can be due to the involvement of sub- continental lithosphere in magma 
genesis as pointed out by Walters and Pearce (1987). Overlap of MORB and WPB 
fields in figure (27) has been suggested to result from a transitional setting (Gale and 
Pearce 1982; Tarney et al. 1981). 
In Ti/100-Zr-Yx3 diagram (Pearce and Cann 1973), the plots of Gopir and 
Bagdunda volcanics mostly fall in the field 3, which represents an overlap of mid 
oceanic ridge basalts and island arc basalts (Figure-28). However, the dyke samples 
plot outside all the marked fields may be due to their low Ti and/or high Y contents, 
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Figure-25: TiOj versus PjOj variation diagram (after Ridley et al. 1974) for Gopir and 
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Figurc-26: Zr versus TiOj covariation diagram (after Pearce 1982), 
illustrating the MORB affinity of Gopir and Bagdunda volcanics and dykes. 
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Figure-27: Y versus Cr covariation diagram (after Pearce 1982), indicating 
MORB and WPB affinity of Gopir and Bagdunda volcanics and dykes. 
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Figure-28: Ti/100-2r-Yx3 ternary tectonomagmatic discrimination diagram (after Pearce 
and Cann 1973) for Gopir and Bagdunda volcanics and dykes, showing their MORB and 
lAB affinity. Note the Gopir dyke sample plot outside the fields due to their high Y values. 
To further assess the magma type of these volcanics with respect of their 
tectonic environment we have used multi-element patterns (spidergrams: Thompsom 
et al. 1983). These diagrams involve relatively less mobile incompatible trace 
elements and REE, are particularly useful in comparing ancient with modern volcanic 
suites (Pharaoh and Pearce 1984; Holm 1985). Due to this fact, these diagrams have 
been used widely to determine the tectonic environment of ancient basalts. Such 
diagrams are very useful means in which multi-element variation can be observed 
simultaneously to distinguish the tectonic setting and source characteristics of basic 
volcanics. The geochemical patterns in these diagrams reveal variation in incompat-
ible element abundances and ratios providing geochemical fingerprints for different 
tectonic settings. Pearce (1983) considered that with the exception of Sr, and 
possibly TiOj, most of the elements used in these plot are incompatible and hence the 
shape of the diagram should be largely independent of the degree of partial melting 
( except for exceptionally low degrees of partial melting) and fractional crystalliza-
tion. Such processes may affect only the absolute concentrations of these elements 
but not the ratios. 
N-MORB normalized geochemical patterns of Gopir and Bagdunda mafic 
rocks are shown in figures (29) and (30) where the normalizing values are taken from 
Sun and McDonough (1989) (appendix-II). 
As evidenced from these figures, all the samples of Gopir and Bagdunda suites 
exhibit progressive enrichment of most of the elements from right to left relative to 
N-type MORB (Sun and McDonough 1989). However, most of the depleted samples 
[based on (Ce/Sm)j^ ratio; tables 7 and 8] show distinct negative anomalies for Ba and 
Ce and distinct positive Sr and rarely Zr anomalies. In addition to negative Ba, the 
enriched dyke samples also have distinct negative anomalies for P and Ti and positive 
Ce with high Ce/Nb ratio unlike the depleted volcanic samples. The enriched trace 
element features compared to MORB has been considered as a typical characteristic 
of within plate continental and oceanic basalt (Thompson et al. 1983). The anomalies 
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Figure-30: N-MORB-normalized multi-element 
patterns of Bagdunda volcanics. Normalizing values 
after Sun and McDonough (1989). 
continental tholeiites. The calc-alkaline and tholeiitic island arc basalts also exhibit 
a subduction related enrichment in LILE and LREE, but they have lower abundances 
of less incompatible elements with respect to MORB (Pearce 1983, Wilson 1989). 
Gopir and Bagdunda samples do not appear to show any subduction zone signature 
in their chemistry, and they are classified as tholeiite (Figures-17 to 24). They can 
not be considered as tholeiitic volcanic arc basalts because such basalts are generally 
depleted in Nb, Ti, Y, Zr, P and Sm relative to N-MORB (Pearce 1983). 
Only one of the depleted samples (GRV30) shows depletion in Ti relative to 
N-MORB (Figure-29: b), whereas, the other incompatible elements are similar to 
those of other samples , except for Nb which is also low compared to other samples 
but still higher than N-MORB. Such low Ti and Nb contents in this sample may be 
related to fractionation of any titanite phase. 
When comparison is made more precisely with respect to patterns of mafic 
volcanic suites of various tectonic settings (Figure-31), the N-MORB normalized 
multi-element patterns for averages of Gopir and Bagdunda volcanics appear to 
reflect trace element characteristics of E-MORB, transitional between ocean island 
tholeiite and N-MORB (Le Roex 1987; Floyd 1989). The dyke samples on the other 
hand resemble with continental tholeiite pattern (Figure-31). However, the Ti/Y in 
all the Gopir samples is much lower, with much higher Y abundances compared to 
both E-MORB and continental tholeiites, although Bagdunda samples have compa-
rable Ti/Y ratio with respect to E-MORB. 
Figures (32) and (33) show the primordial mantle normalized patterns (Holm 
1985) of Gopir and Bagdunda volcanics and dykes. In these diagrams the Gopir and 
Bagdunda volcanics, display parallel patterns and the dykes show enrichment of 
LREE with distinct negative anomalies for P and Ti (Figure-32:a). 
Significantly, as noted based on N-MORB and PM normalized patterns, 
except for one sample (GRV30), none of the LREE depleted samples of Gopir and 
Bagdunda volcanics show any negative Nb anomalies (Figures-29, 30, 32 and 33) in 
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Flgurc-33: Primordial mantle normalized 
incompatible element patterns for Bagdunda 
volcanics. Normalizing values after Sun and 
McDonough (1989). 
significant role in their evolution because crustal components are characterised by 
large negative Nb anomalies (Waver and Tarney 1981, 1983). Ahmad and Tarney 
(1994) have also emphasized on the insignificant role of crustal contamination in the 
evolution of the adjoining basal Aravalli volcanics of Udaipur belt, rather they have 
suggested the significance of mature continental lithosphere during their evolution. 
The PM-normalized patterns of Gopir and Bagdunda volcanics (Figures-32 
and 33) when compared with those mafic suites of different tectonic settings (Figure-
34; adopted from Ahmad and Tarney 1991), close resemblance is seen between the 
Gopir dykes (Figure-32:a) and the early Proterozoic dykes and continental flood 
basalts (Figure-34:b) and the north Indian mafic rocks (Figure-34:c), in term of their 
Nb/Ce ratios and negative anomalies for P and Ti. However, the predominantly 
depleted Gopir and Bagdunda volcanics resemble N-MORB (Figure-34:a) in terms 
of their LREE depletion [shown by (Ce/Sm)^^ ratios] but are enriched in these 
elements compared to typical N-MORB (Sun and McDonough 1989) (Figure-29 and 
30) although maintaining the depleted LREE ratios [e.g., (Ce/Sm),^ ratios]. The flat 
Gopir in general and depleted Gopir and Bagdunda volcanics resemble E-MORB in 
terms of other incompatible trace elements (Figure-34:a), supporting transitional 
nature of these rocks between N-MORB on one hand and OIB on the other, 
confirming our earlier inference (Figure-31). Thus, the N-MORB and PM normalized 
geochemical patterns strongly suggest the transitional nature of Gopir and Bagdunda 
volcanics between N-MORB and ocean island basalts, to some extent confirming the 
inference based on various discrimination diagrams (Figure-25 to 28) discussed 
earlier, but they overwhelmingly suggest continental affinity for the Gopir dykes, 
putting serious limitations on the use of the discrimination diagrams to infer the 
tectonic setting of older igneous suites, particularly of continental setting. 
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F igure -34: Primordial mantle-normalized mult i -
element spidergram adopted from Ahmad and Tamey 
(1991). (A) O I B (Sun and McDonough 1989), Mar iana 
island arc (Wood e/ al. 1982) and patterns of possible 
contaminant compos i t ions, i.e., post Archaean 
terrestrial shale ( P A T S ) (Taylor and M c Lennan 1985) 
and Archaean crust (Weaver and Tamey 1985), ( B ) 
Multi-element patterns for early Proterozoic dykes 
und continental flood basalt (Scourie dolerites: Weaver 
and Tamey 1981; Antarctic dolerites: Sheraton and 
Black 1981; Karoo Central dolerites: Mar sh 1987; 
Tasmanian dolerites: Hergt etal. 1989) and (C ) Mu l t i -
element pattems for north Indian Proterozoic maflc 
suites (Garhwal volcanics and dykes: Ahmad and 
Tamey 1991; Mandi -Dar la volcanics: Ahmad and Bhat 
1987; basal Araval l i volcanics: Ahmad and Rajamani 
1991. Normalizing values after Sun and McDonough 
(1989). 
Chapter - 5 
PETROGENESIS 
CHAPTER FIVE 
P E T R O G E N E S I S 
The geochemical characteristics of Gopir and Bagdunda volcanics and dykes 
have been discussed in terms of their major and trace elements including REE's in the 
preceding chapters. The behaviour and the mutual relationships between these 
elements provide some clues to understand the origin and evolution of these rocks. 
In this chapter, we shall discuss the petrogenetic aspects of these mafic rocks 
in details. However, the ultramafic rocks are not discussed at length because of their 
highly altered nature and the limited data. An attempt is made here to characterize 
the source region, the conditions of partial melting and degrees of subsequent 
modification of mantle derived melts during their ascent and/or ponding in magma 
chamber. All these aspects may help us putting some constrains on the tectonic 
conditions of magma generation and emplacement as well as on the possible crustal/ 
lithospheric evolution in the Jharol belt. The latter may have important bearing on the 
processes involved in the evolution of the adjoining Udaipur and Bhilwara belts and 
possibly on other Proterozoic terrains in general. 
The approach in this chapter will be to consider the major and compatible trace 
element data to understand the petrogenetic processes, followed by incompatible 
trace element data to constrain the source characteristics and further evaluate the 
petrogenetic processes. 
Although differences exist in the composition of these volcanics, their plots 
in different variation diagrams follow, more or less, common trends. This feature 
appear to suggests that the petrogenetic processes including the nature of the source 
that controlled the abundances and ratios of various elements in Gopir and Bagdunda 
volcanics were more or less similar. However, it is necessary to account for the 
differences in the chemical composition of these volcanics on one hand and with 
respect to dykes on the other. From detailed synthesis of these differences, we may 
be able to understand whether it is due to changing conditions of magma generation 
or it is due to different sources generating parental magmas evolving along various 
trends/sub-trends. Here the term sub-trend is being used to emphasis distinct mineral 
assemblages that may fractionate from magmas of essentially tholeiitic affinity 
(Figures- 17 to 24; chapter- IV). 
I. MAJOR ELEMENT CONSIDERATIONS 
MgO and Si02 which are considered as good indicators of igneous fraction-
ation, appear to show a negative correlation in these volcanics (Figure-5). This 
relationship indicates that fractional crystallization has probably played an important 
role during the evolution of Gopir and Bagdunda mafic rocks. The progressive 
differentiation of both Gopir and Bagdunda samples is also indicated by Ca0/Al203 
versus Ti02 relationship (Figure-6; Dungan and Rhodes 1978). 
Positive relationship is evident between Ni and Cr (Figure-16) and MgO 
versus Cr, Ni and S.I. (Figure-35; S.I.: Solidification Index; Kuno 1959). Very high 
abundances of Ni and Cr with respect to MgO in some of the Gopir dykes may be 
due to some added accumulates. Such positive relationships, in general, are inter-
preted in terms of fractional crystallization and progressive degrees of partial melting 
(Nesbitt and Sun 1976; Jhane/cr/. 1980). Crystal-liquid partitioning data indicate that 
Ni is preferentially partitioned into olivine and Cr into chrom spinel, olivine and 
clinopyroxene during partial melting and fractional crystallization (Irving 1978). 
Thus, Ni and to some extent Cr preferentially follow MgO during magmatic 
differentiation. Therefore, the systematic relationship observed in figure (35), may 
be attributed to olivine and clinopyroxene ± chrom-spinel fractionation in these 
volcanic and dyke suites. 
These rocks do not display simple relationship between Mg-number and the 
concentration level of the compatible and incompatible trace elements. Many of the 
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Figurt-35: MgO versus Cr, Ni and SoJidification Index 
{S.I.: Kuno 1959) plots for Gopir and Bagdunda volcanics 
and dykes, showing the magmatic trends. 
dances (Tables- 4, 5, 7 and 8), which probably reflect more complex petrogenetic 
processes and/or heterogeneities in their sour regions. The Mg-number and MgO 
contents of Gopir volcanics (50.28 to 63.73; 8.2% to 13.4%) , Gopir dykes (56.15 
to 68.16; 10.5 to 14.4) and Bagdunda volcanics (48.81 to 66.90; 7.7% to 12.7%) are 
lower than primitive basaltic melts (Green 1971; Wilkinson andMaitre 1987), which 
also suggests that they have undergone magmatic differentiation. In general, Gopir 
volcanics and dykes show higher Mg-numbers than Bagdunda volcanics, and thus, 
suggesting relatively more primitive nature of the former. 
The relationships in Ti02 versus Ca0/Al203 and FeOVMgO versus CaO/ 
AI2O3 (Figures-6 and 11) indicate that olivine and pyroxene were the dominant 
fractionating phases, although in different proportions, giving rise to more than one 
trend/sub-trend for individual suites. 
The (Fe+Mg+Mn)/Zr versus Si/Zr diagram (Figure-36) of Pearce (1968) 
suggests that the compositional variation of Gopir and Bagdunda volcanics and 
dykes may be the result of fractionation of probably clinopyroxene and olivine, 
although the proportion of olivine appears to be more in the case of Gopir samples 
as they show steeper slope (Figure-36). It is also evident from this diagram that 
plagioclase has not played any significant role in their evolution. The lack of negative 
Eu and Sr anomalies in REE (Figures-3 and 4) and PM-normalized patterns (Figures-
32 and 33) for most of the samples also suggest that plagioclase fractionation was 
insignificant. 
In Al203/Ti02 - Ti02 and CaO/TiOj- Ti02 diagrams ofNesbitt etal. (1979), 
Gopir and Bagdunda samples plot along an identical trend which covers the field of 
MORB and further extends towards higher Ti02 contents. MORB trend indicates the 
progressive release of A1 and Ca from the mantle source until the Al/Ti and Ca/Ti 
ratios reach the source ratio (Sun et al. 1979) (Figure-12: a and b). The observed 
trend may be interpreted in terms of different extents of melting of MORB type 
source in terms of these elements and ratios and/or their evolution from MORB type 
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Figure-36: Si/Zr versus (.Fe+Mg+Mn)/Zr cation-ratio diagram (Pearce 1968), demonstrating that 
the compositional variation in Gopir and Bagdunda volcanics and dykes may be the result of 
predom i^antly clinopyro.xene fractionation. 
(Bhat and Ahmad 1990). As olivine and plagioclase have very low Kd values for Ti 
compared to clinopyroxene, the influence of clinopyroxene fractionation is expected 
to show strongly in these diagrams (Irving 1978). 
Among the Gopir Samples, one sample (GRV30) has Al203/Ti02 and CaO/ 
Ti02 ratios of 44 and 56 respectively. This sample contains the lowest Ti02 
concentration and thus the highest ratio of Al203/Ti02 and Ca0/Ti02. Bulk chem-
istry of this sample suggests that it included some cumulates as indicated by high Cr 
(2000 ppm); Ni (560 ppm) and MgO (10.6 wt%) (Table-4). It is also possible that 
low Ti and Nb contents could be related to fractionation of any titanite phase, but this 
possibility is ruled out as this sample contains normal Fe and V abundances, which 
would have also dropped, had the titanite phase really fractionated. In terms of 
incompatible trace elements this sample resembles contaminated low-Ti basalts with 
low Ti content and negative Nb anomalies (Arndt etal. 1993), thus giving confused 
picture, if data is considered primary for this sample. 
The Ti02/P205 ratio in a melt is controlled by degrees of partial melting, 
percentage of water in the original melt, the amount of silicate/oxide phase fraction-
ation and the depth. At a given degree of melting, if water is present in the mantle 
source, with increasing depth the abundance of Ti02 and P2O5 will increase in the 
melt (Chazen and Vogal, 1974). The observed relationship between these two 
elements for Gopir and Bagdunda volcanics and dykes in figure (25), suggest any or 
a combination of all or few of the following possibilities, that the Gopir samples 
probably represent (a) lower degrees of partial melting, (b) were generated from 
deeper source regions, (c) are highly evolved melts, compared to the Bagdunda 
volcanics. Also in the absence of any distinct inflections in the individual trends, the 
possibility of fractionational crystallization of phases that partition these element 
preferentially is negated. 
Considering Ti02 as an incompatible element during partial melting of mantle 
sources, we consider Ca0-Ti02, Al203-Ca0 relationships (Nesbitt and Sun, 1976) 
of Gopir and Bagdunda volcanics and dykes (Figure-37; a, b and c). In these plots 
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Figure-37: (A) CaO versus TiOj, (B) AljO, versus TiOj and (C) 
AI2O3 versus CaO (after Nesbitt et al. 1979) for Gopir and Bagdunda 
volcanics and dykes. Chondrite ratios after Van Schmus and Haves 
(1974). 
all the samples of both the volcanic suites and dykes (except sample GRV30) plot 
above the chondritic ratio line (CaO/TiOj^l? and Al203/Ti02=20; Van Schumus 
and Hayes, 1974). This is consistent with our observation in figure (12), that the two 
suites follow the MORE trend in terms of increasing Ca0/Ti02 and Al203/Ti02 
ratios with decreasing abundances of Ti02, probably related to increasing degrees of 
melting of mantle sources, not too different from MORE source(s) in terms of these 
ratios. However, samples of both the suites do not attain the chondritic ratios, when 
the MORB trend forms a plateau (shown as field P in figure-12), indicating that CaO 
and AI2O3 bearing phases (e.g., pyroxene, plagioclase, garnet, spinel) were not 
exhausted completely from the source region, and thereby CaO and Ti02 did not 
become totally incompatible at the degrees of melting these rocks were generated at 
(Nesbitt and Sun, 1976; Ahmad and Rajamani, 1991). Therefore, these plots suggest 
that these volcanic suites may be related to similar source (in terms of these ratios) 
by various degrees of melting and olivine and clinopyroxene fractionation in different 
proportions, at different levels of melting within the individual suites, giving rise to 
the sub-trends discussed earlier. The positive trend sub-parallel to chondritic ratio 
line, for the dykes, probably indicates that CaO and AI2O3 were behaving incompat-
ible with Ti02, probably suggesting that the dykes represent higher degrees of 
melting, which is also indicated by their Mg-number and high MgO, Ni and Cr 
abundances (Table-9). 
The higher Ca0/Al203 ratio for the Gopir samples with respect to those of 
Bagdunda volcanics may indicate more control of A1 with respect to Ca in the case 
of Gopir volcanics. This in turn may imply that the Gopir volcanics were generated 
at greater depth, where Al-bearing phases such as garnet and/or Al-bearing pyroxene 
are more stable (Nesbitt et al. 1979). However, the absence of any HREE 
fractionation in REE patterns (Figure-3) indicates that garnet was not in the source 
and thereby discount the possibility that Gopir volcanics are derived from deeper 
sources compared to the Bagdunda volcanics. 
Gopir and Bagdunda volcanics and dykes when plotted in AI2O3 versus FeOV 
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(FeO' + MgO) diagram of Arndt et al. (1977) (Figure-38), depict predominantly 
komatiitic in case of Gopir samples and komatiitic-tholeiitic affinity in case of 
Bagdunda volcanics, consistent with Jensen's scheme of classification (Figure-20). 
Like many other diagrams, it is possible to identify atleast two sub-trends for the 
Gopir volcanics. Essentially olivine fractionation trend runs parallel to the dividing 
line with increasing AI2O3 and FeOV(FeO'+MgO), slight inflection is expected when 
pyroxene joins olivine although the trend remains positive and the trend becomes 
negative when plagioclase fractionation is significant. The trend for Gopir volcanics 
and dykes which is parallel to the dividing line implies predominantly olivine 
fractionation, the other sub-trends for Gopir volcanics and the overall trends for 
Bagdunda samples probably indicate olivine and clinopyroxene fractionation as seen 
in the previous diagrams. The absence of any negative trend in this diagram is 
consistent with our earlier inferences that plagioclase was not a major fractionating 
phase. 
Based on the findings of Ford et al. (1983), Rajamani et al. (1985) have 
modified the original cation mole per cent (Mg)-(Fe) diagram of Hanson and 
Langmuir (1978), taking into consideration the effects of melt composition (up to 22 
wt% MgO), temperature (up to 1600°C) as well as pressure (up to 25 Kbar) on 
olivine-melt exchange reaction distribution coefficient (Figure- 39). The utility of 
this diagram has increased after the modifications carried out by Horan et al. (1987). 
These authors have calculated the solidii and melt fields for 1 atm. (101 Kpa) and 25 
Kbar (2.5 Gpa) for mantle source with [Fe/Mg] ratio of 0.25, which is a non-pyrolitic 
source. Melt fields for a pyrolitic mantle source (shown as A) with [Fe/Mg] ratio of 
0.12 and olivine with F089 solidus for 1 atm. and 2.5 Gpa are shown in figure(39). 
Non- pyrolite mantle source (shown as B) with [Fe/Mg] ratio of 0.25 and olivine with 
Fogo on solidus at 1 atm. and 2.5 Gpa pressure is also shown. Filled squares 1 and 
2 and open squares 1 and 2 represent the solidii composition for pyrolite and non-
pyrolite mantle source respectively (Rajamani et al. 1985; Horan et al. 1987). The 
fractional crystallization (FC) and assimilation fractional crystallization (AFC) 
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Figure-38: AI2O3 versus. FeOV(FeO'+MgO) after Arndt et al. (1977), for Gopir and Bagdunda 
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Figure-39: Calculated [Fe] versus [Mg] plot for Gopir and Bagdunda volcanics 
and dykes (after Rajamani et al. 1985 and Horan et al. 1987). [Mg] and [Fe] 
are deflned as compositional ly corrected Mg and Fe abundances in cation 
mole% using the equation of Ford et al. (1983). Filled circle represents the 
calculated melt field for pyrolite source with [Fe/Mg] ratio of 0.12 and olivine 
with Fog9 on solidus are shown for 1 atm. and 2.5 Gpa pressure; filled squares 
1 and 2 are solidii composition for pyrolite mantle source. Open circle with 
[Fe/Mg] ratio of 0.25 and olivine with Fogg on solidus represents the non-
pyrolite source at 1 atm. and 2.5 Gpa (25 Kbar) pressure where open squares 
1 and 2 indicate the solidii for non-pyrolite mantle source. Fractional 
crystallization (FC) and assimilation fractional crystallization (AFC) trends 
for olivine then clinopyroxene + plagioclase with 5% increment ticks are 
adopted from Rajamani et al. (1989). The basal Aravalli trend after Ahmad 
and Rajamani (1991) also shown for comparison. 
trends for olivine followed by clinopyroxene + plagioclase with 5% increment tick 
marks are taken from Rajamani e( al. (1989). 
Compositionally corrected [Mg] and [Fe] abundances of these volcanics and 
dykes are presented in tables (4) and (5), along with their olivine saturation surface 
temperature (T liq°C). The [Fe] and [Mg] values have been calculated assuming that 
the parental liquidus of these samples had equilibrated with liquidus olivine. In this 
diagram most of the samples plot outside the calculated melt field for pyrolite source. 
Only two of Gopir dykes (GRD3 and GRD4) plot within the melt field, however, this 
is not given any importance as these samples were shown earlier to have altered bulk 
rock chemistry. The samples of both the volcanic suites and dykes actually plot 
closer to the solidii of non-pyrolite source at 2.5 Gpa indicating their non-pyrolite 
source characteristics. 
The effect of partial melting and fractional crystallization can be evaluated in 
this diagram based on the behaviour of calculated [Mg] and [Fe]. With increasing 
degrees of partial melting the produced magma will have slight increase to almost 
similar [Mg] contents but lower [Fe] contents (Langmuir and Hanson 1980). 
However, in the case of fractional crystallization the removal of olivine causes severe 
depletion of [Mg] but with marginal increase in [Fe] contents in the evolving liquid 
(Langmuir and Hanson 1980). The involvement of plagioclase and/or pyroxene in 
addition to olivine may cause greater [Fe] enrichment. 
The plots of Gopir and Bagdunda volcanics and dykes in figure (39), probably 
indicate their derivation from non- pyrolitic source(s) variably enriched in [Fe/Mg] 
ratios. 
Majority of the Gopir volcanics and dykes follow olivine fractionation trends, 
with calculated olivine saturation temperature varying from 1235°C to 1343°C and 
1270°C to 1365°C for the volcanics and dykes respectively (Tables-4 and 9). 
However, a sub-trend is also evident for the volcanics which shows some increase 
in [Fe] with decreasing [Mg], probably indicating the involvement of clinopyroxene 
along with olivine. The sub-trend does not follow the clinopyroxene + plagioclase 
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trend, although [Fe] is increasing in the sub-trend, the increase is not that high, 
however the drop in [Mg] is much higher, indicating that plagioclase was not a major 
fractionating phase. Bagdunda volcanics with calculated olivine saturation surface 
temperature varying between 1173°C and 1320°C (TabIes-5 and 9) display a trend 
which is much similar to the basal Aravalli volcanics (Ahmad and Rajamani 1991), 
although the former appear to be less evolved as indicated by restricted variation in 
[Fe] compared to the Aravalli trend. For Bagdunda also two sub-trends are apparent, 
the minor one is parallel to olivine fractionation trend, and the major trend follows 
the olivine + clinopyroxene ± plagioclase fractionation line. Gopir dykes have 
restricted [Fe] for similar [Mg] compared to the Gopir volcanics. However, overall 
distribution of data in this diagram clearly demonstrate more enrichment in terms of 
both [Mg] and [Fe] in the case of Gopir volcanics, apparently indicating greater 
depths of generation for this suite, compared to Bagdunda volcanics. This is based 
on the fact that during adiabatic melting magnesium and iron contents increases in 
the melt with increasing pressure (Rajamani al. 1985). However, this possibility 
is not supported by REE and AI2O3 data discussed earlier. Thus, the position of 
Gopir samples in the [Mg]-[Fe] diagram probably indicates their generation from 
more fertile source (to account for high FeO) by higher degrees of meting (to account 
for high MgO) with respect to those of the Bagdunda volcanics. 
11. TRACE ELEMENT CONSIDERATIONS 
Trace elements including REE are useful to fingerprint the sources and to 
understand petrogenetic processes such as partial melting and fractional crystalliza-
tion. The partition coefficients (Kd= concentration of an element in mineral/ 
concentration of the same element in melt) of REE's in mantle phases and in liquidus 
phases of mafic melts are very small, and therefore they behave incompatibly during 
magmatic processes in their system. However, in general concentrations of the REE 
and the shape of their patterns in the melts may be influenced by the cumulate or 
fractionating phases, if they have high Kds for individual REEs (Figure- 40; Hanson 
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Figure-40: Mineral-melt partition coefficient for the rare earth elements (A) after 
Hanson (1980) and (B) after Bender et al. (1984). 
Figure (41) after Hanson (1978), illustrates the effect of partial melting and 
fractional crystallization on trace element behaviour. During the partial melting 
processes (Cl/Co= 1/D (1-F) + F; Schilling 1966, see appendix- IV after Ahmad 
1994), elements with D value < 1 (e.g., LREE, Zr, Nb etc.) will get concentrated in 
the melt showing considerable variation with varying degrees of partial melting of the 
source. Therefore, they are of great significance in understanding the melting 
process and its degree (Figure- 41: a). On the other hand, during the fractional 
crystallization processes (Cl=Co=F^''; Neumann et al 1954, appendix- IV), the 
elements with D > 1 (compatible elements e.g. Ni and Cr) will be depleted during the 
evolution of the derivative melt (Figure- 41: b). These features are clearly illustrated 
by figure (42) (Hanson 1978) which demonstrates that in a suite of cogenetic rocks, 
the large variation in incompatible elements probably indicates the influence of 
varying degrees of partial melting whereas, the variation in compatible elements 
probably indicates variation in the degrees of fractional crystallization (For more 
details please see appendix- IV). 
The relationship between the elements Zr, Ti and Y have been shown to be 
very useful in interpretation of fractional crystallization of basic magmas (Pearce and 
Norry 1979). The relationships of Ti02 and Y with Zr are shown in figure (9:c) and 
(10:b). The dyke samples form separate trends and atleast two sub-trends each are 
observed in both the volcanic suites suggesting distinct combinations of olivine and 
clinopyroxene or olivine- plagioclase- clinopyroxene as crystallizing phases in 
different proportions. In the absence of negative Eu anomalies in the REE patterns 
for the volcanics (Figure - 3 and 4) and othe; data discussed earlier, the latter 
combination appears less appropriate. However, the dyke samples do also show 
negative Eu anomalies in their REE patterns (Figure-3: a). The positive relationship 
between Zr and Ti02 (Figure- 9: c) reveals that Ti-bearing phases have not been a 
fractionating phase. When a Ti-bearing phase begins to crystallize, the removal of Ti 
results in severe decreases in Ti/Zr ratio (Watters and Pearce 1987) which is not 
observed in these samples. This is also consistent with the high abundances of Ni and 
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Figure-41: (A) Cl/Co versus (F) and (B) Cl/Co versus (1-F), showing 
the effect of partial melting and fractional crystallization respectively 
for elements varying from highly incompatible with D=0 to highly 
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Figure-42: Plot of trace element concentrations in two suites of 
igneous rocks. One suite is derived by 10-40% partial melting of 
homogeneous source and the other is derived by 40% partial melting 
of the same homogs^ neous source followed by 0-50% fractional 
crystallization, illustrating the behaviour of trace elements during 
partial melting and fractional crystallization (after Hanson 1978). 
Cr. Fractionation of Ti- bearing phases would have also caused drastic drops in Ni 
and Cr contents (Kds of Ni and Cr for magnetite are 20 and 100 respectively; Peck 
and Smith 1989) which is also not observed in these mafic suites, as the low Ti02 
samples contain high Cr and Ni abundances (e.g., sample GRV30: Ti02= 0.27 wt%; 
Cr= 2000 ppm; Ni= 560 ppm, see tables - 4 and 5). 
In figures (43 and 44), a series of plots are shown for incompatible trace 
element ratios against incompatible trace element abundance (Figure-34 a:Nb/Ti02-
Nb; b:Nb/Y-Nb; c:Ce/Sm-Ce and d:Zr/Y-Zr) and compatible trace element abundances 
(Figure-44 aiZr/Y-Sc: b:Ce/Sm-Ni, c:Nb/Y-Ni and d:Nb/Zr-Cr). It is expected that 
varying degrees of partial melting would cause variation in the ratios as well as in the 
elemental abundances, thereby giving rise to a positive trend in figure (43) and 
negative in figure (44). Fractional crystallization is not expected to cause any 
significant variation in these ratios (Cox et al. 1979; Pearce and Norry 1979), at most 
it can cause marginal variation, when degree of fractional crystallization is very large. 
However, some increase in the abundances of incompatible elements in figure (43) 
and severe depletion in the abundances of compatible elements in figure (44) is 
expected with increasing degrees of fractionation of the melt (Allegre and Minster 
1978). Plots of Gopir and Bagdunda samples in these diagrams show more than five 
folds variation for some of these ratios. It is not possible to achieve such large 
variation by simple fractional crystallization (FC) or assimilation fractional crystal-
lization (AFC) of a parental melt. It has been shown that more than 66% (clinopyroxene 
dominated) fractional crystallization is required to achieve even less than two folds 
variation in the Ce/Yb rati^^s of basal Aravalli volcanics (Ahmad and Rajamani 1991) 
and therefore, such large variations observed in these ratios can be achieved only 
through variable degrees of partial melting (Hanson 1980). However, there are 
inflections in the trends causing variation in elemental abundances for similar ratios 
(Figures- 43 and 44). Such variations in elemental abundances probably indicate play 
of fractional crystallization in the evolution of melts generated from variable degrees 
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Figure-43: Incompatible trace element ratios versus incompatible trace element abundances of Gopir 
and Bagdunda volcanics and dykes (A) Nb/TiOj versus Nb, (B) NbA' versus Nb, (C) Ce/Sm versus 
Ce and (D) Zr/Y versus Zr, depicting the important role of partial melting and fractional crystallization 
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Figure-44: Incompatible tracc element ratios versus compatible trace element concentrations of Gopir and 
Bagdunda volcanics and dykes (A) Zr/Y versus Sc, (B) Ce/Sm versus Ni, (C) Nb/Y versus Ni and (D) Nb/Zr 
versus Cr, indicating the effect of both partial melting and fractional crystallization on their evolution. 
suites. Thus, plots in these diagrams indicate that the Bagdunda and Gopir volcanics 
and dykes represent (1) variable degrees of partial melting of mantle source and (2) 
these melts underwent fractionation, at variable degrees of melting, giving rise to 
sub-trends in the individual suites. 
Three types of REE patterns are displayed by the Jharol volcanics and dykes. 
The patterns of most of the samples of both Gopir and Bagdunda volcanics show 
depletion ofLREE (Similar to N-MORB). Some of the volcanic samples show nearly 
flat patterns but all the Gopir dykes show LREE enrichment. The middle and heavy 
rare earth elements for all the samples, whether depleted, flat or enriched, display 
slightly fractionated to flat sub-parallel patterns (Figures- 3 and 4). N-MORB-
normalized multi-element patterns (Figures-29, 30 and 31) depict very clearly that 
all the samples, whether depleted or enriched in terms ofLREE, are actually enriched 
in all the elements with respect to typical N-MORB abundances. Although the (Ce/ 
Sm)^ ratio for majority of the samples is similar to N-MORB [(Ce/Sm)2^<l; Figures-
3 and 4], their abundances are higher and comparable to E-MORB (Figures-29,30 
and 31) probably indicating transitional nature of the volcanics between N-MORB 
and oceanic island tholeiite (Holm 12985; Floyd 1989) for most of the incompatible 
elements (including middle and heavy rare earth elements) abundances and ratios 
(Figure-31). The dykes pattern resembles that of continental tholeiite (Figure-31). 
If Mg-number is accepted as a criteria to measure the extent of fractionation 
in a cogenetic suite of rocks, then we expect that in each of these volcanic suites the 
total REE contents would show an increasing trend with decreasing Mg-numbers. 
However, such relationship is not clearly observed either in individual suite or from 
one suite to another (Tables-4, 5 and 9). This may indicate that the whole Jharol 
magmatic suite or the Bagdunda and Gopir volcanic and dyke suites individually were 
not derived from a single more magnesium parental melts. The sub-trends identified 
in earlier diagrams are also consistent with this inference and probably imply that 
individual batches of magma underwent fractionation with different proportions of 
fractionating phases (predominantly olivine and clinopyroxene). 
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Following possibilities or a combination of these can be put forward to 
account for the LREE enrichment in the Gopir dyke samples (Figure- 3: a): (1) that 
these samples may have been derived from a source different from that of the other 
samples (2) they have suffered crustal contamination or assimilation fractional 
crystallization during their ascent or in crustal magma chamber, if they are generated 
from a depleted source inferred for most of the other samples of this area or (3) they 
represent an end member which has dominant components of continental volcanics, 
if the whole suite is considered as transitional between the oceanic and continental 
tholeiites (Figure-31). 
The most important chemical characteristic of Gopir and Bagdunda volcanics 
is the presence of positive Nb anomalies in their multi-element patterns (except for 
few enriched samples). This feature discounts the possibility of explaining the 
enrichment of various elements in these rocks with respect to N-MORB by crustal 
contamination or assimilation fractional crystallization. Since all likely crustal 
contaminants have large negative Nb anomalies (Weaver and Tarney 1983; Pearce 
1983). Therefore, the positive Nb anomalies of these volcanics are attributed to the 
composition of the source material. The absence of any imposed crustal signature 
on these rocks is further evident from the following discussion. 
The high FeO^ and Ti02 contents of Gopir and Bagdunda volcanics are not 
expected if these melts are considered to have undergone crustal contamination, 
because all the contaminated rocks generally have low FeO^ and Ti02 contents 
(Carlson et al. 1981; Arndt and Jenner 1986). Except for LREEs, moderate 
enrichment of other in'-ompatible trace elements in the sources of these volcanics is 
clearly depicted from Zr-Nb, Zr-Y and Zr-TiOj relationships (Figure- 10: a, b and 
9; c) and the Zr/Y, Zr/Ti02 and Nb/Zr ratios (Tables-7 and 8) of these volcanics are 
much higher compared to primitive mantle (Sun and Mc Donough 1989) indicating 
their enriched source characteristics for the elements which are relatively less 
incompatible in nature compared to the LREEs (Figure-31). Zr/Nb has been widely 
used to discriminate between the enriched and depleted source (Erlank and Kable 
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1976; Le Roex et a!. 1983). The plots of Gopir and Bagdunda volcanics and dykes 
in Zr versus Nb (Figure- 10: a) suggest their derivation from moderately enriched 
source. The more enriched nature of Gopir volcanics and especially the dykes 
compared to Bagdunda volcanics is also clear from Zr versus Y in Figure (10:b). 
To further assess the role of contamination in the evolution of these volcanics, 
the Ce-Nd contents are plotted in figure (45). In this diagram the samples of both 
the Gopir and Bagdunda volcanics fall below the chondritic line and passes through 
the origin. However, all the dykes plot above the chondritic line, confirming our 
inference that sources for the dykes are enriched but depleted in case of the volcanics, 
in terms of LREE. It has been observed (Horan et al. 1987; Bhat and Ahmad 1990) 
that the rocks which have suffered the process of contamination or assimilation 
fractional crystallization would not plot along the line interesting the origin. Instead, 
they would plot along the line which intersects the Nd-axis. Variation of data in this 
diagram also indicates that these mafic magmatic rocks may represent varying 
degrees of melting from < 10% to higher extents of melting (> 20%). Figure (45: b) 
shows a blown up portion of the cluster part of figure (45: a). Based on the data 
mostly on dykes and some volcanics with nearly flat patterns available to us earlier, 
a preliminary modelling was carried out on the source characteristics in terms of 
REEs and degrees of partial melting (Abu- Hamatteh et al. 1994). As per this, source 
was estimated to be 3 x chondritic and the samples were interpreted to be represent-
ing variable degrees of partial melting between 8% to 12%. However, melting of the 
same source to higher degrees (about 20%) generates melts with LREE depleted 
nature. The available data at hand now, (with many depleted patterns) indicate that 
the samples may represent even larger variation in the degrees of partial melting (say 
between less than 10% to more than 20%) to incorporate the whole data set available 
now. 
The incompatible element ratios have been considered to reflect the mantle 
source ratios (Saunders et al. 1989). Therefore, to further assess the possibility for 
these rocks to be enriched as a result of mantle metasomatism or through crustal 
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contamination mechanism, the Gopir and Bagdunda volcanics and dykes are plotted 
in Y/Nb versus Zr/Y diagram (Figure- 46) of Ahmad and Tarney (1993). These 
authors have devised this diagram based on the fact that these elements are relatively 
immobile and the basic concept being that Zr and Nb are relatively more incompatible 
than Y. Thus, mantle metasomatism is expected to enhance the Zr/Y and lower Y/ 
Nb ratios. The primordial mantle ( PM, Sun and Mc Donough 1989) represents the 
un- or least enriched portion of the diagram. Probable crust-mantle mixing line, the 
Archaean lower crust, Archaean middle crust and a mixed component of Archaean 
lower and middle crust in 3:1 ratio (1, 2 and 3 respectively) are also shown in the 
figure (46: a) (Ahmad and Tarney 1993). The Archaean crustal values (Weaver and 
Tarney 1984) are used to evaluate the possibility of whether Gopir and Bagdunda 
suites were contaminated or not by the Archaean crust during their ascent and/or 
ponding in crustal magma chambers, as it has been shown in the case of Proterozoic 
Kambalda volcanic suite (Arndt and Jenner 1986). Gopir and Bagdunda samples plot 
far away from the mixing line negating any major role of interaction between 
depleted mantle melt and crustal components their genesis. Rather, the data plot 
closer to the inferred mantle enrichment line (Figure-46; b), probably indicating their 
generation from enriched mantle sources followed by fractionation along various 
sub-trends for the individual suites, confirming our inferences based on many 
diagrams discussed earlier. 
Figure (47) shows the incompatible trace element ratios plot for Gopir and 
Bagdunda volcanics and dykes. This approach (following Ahmad and Tarney 1993) 
is adopted to constrain the chemical nature of the sources of these rocks, in terms 
of incompatible trace element ratios. Here the relative incompatibility of trace 
elements has been used in the sense that these ratios in which the denominator is 
relatively more incompatible (e.g., Ti/Zr, Ti/Th, Ti/Nb, Ti/Ce, Y/Ba, Y/Rb, Y/Nb, 
Y/Ce, Zr/Nb, Zr/Ce etc.) will plot below the PM ratio line if the sample are derived 
from enriched sources, they will plot along the line if they are derived from a flat 
sources like PM or they may plot above the line if they are derived from depleted 
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Figure-46:Binary ratio-ratio plots of Zt/Y versus Y/Nb. (A) Basal Aravalli 
komatiite, komatiitic basalt and tholeiite outlines (after Ahmad and Tarney 
1993) and Archaean lower/middle crust (after Weaver and Tarney 1984) are 
shown for comparison and (B) Plots of Gopir and Bagdunda volcanics and dykes, 
indicating their derivation from enriched source(s) rather than contamination of 
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Figure-47: Primordial mantle -normalized incompatible trace element ratio patterns 
(Spidergram) for (A) basal Aravalli volcanics (after Ahmad and Tarney 1993) and 
Archaean lower/middle crust (after Weaver and Tarney 1984) are shown for 
comparison and (B) Bagdunda volcanics (BAV), depleted Gopir (GRV-D), flat Gopir 
(GRV-F) and Gopir dykes (GRD), indicating their enrichment. PM values after Sun 
and McDonough (1989). 
sources with respect to primitive mantle. Conversely the ratios in which denominator 
is less incompatible (e.g., Zr/Y, Zr/Yb, Ti/Y, Ti/Yb etc.) the relationship with respect 
to PM ratio line will be just the opposite. 
In this diagram, elemental ratios of these volcanics are normalized by their 
respective ratios in primitive mantle (Sun and Mc Donough 1989; appendix-II) to be 
used as reference for comparison (Thompson et al. 1983; Myers and Breitkopf 1989). 
The ratios used in this diagram are considered usually to be less effected by fractional 
crystallization and high degrees of partial melting (Knoper and Condie 1988) and 
therefore, may reflect very closely the mantle source ratios (Myers et al. 1987; Myers 
and Breitkopf 1989). When these ratios are normalized by the similar ratios of 
primitive mantle [Ratio(rock)/Ratio(PM)] the effect of fractional crystallization, if 
any, will be further minimized by such double normalizing (Ahmad and Tarney 1993). 
For comparison, the various incompatible element ratios of the basal Aravalli 
komatiite, komatiitic basalt and tholeiite (after Ahmad and Tarney 1993) are also 
given in figure (47:a). Also shown are the Archaean lower crust, middle crust and 
their mixture in the ratio 3:1 (Weaver and Tarney 1984) as given in figure (46:a). 
The normalized ratio patterns for averages of Bagdunda volcanics (BAV), 
depleted Gopir volcanics (GRV-D), flat Gopir volcanics (GRV-F) and Gopir dykes 
(GRD) are shown in figure (47:b). It is interesting to note that all the average ratio 
patterns show general relative enrichment compared to PM (Sun and Mc Donough 
1989). However, these patterns are quite distinct from each other in terms of 
enrichment with respect to PM and one from another, attesting to our earlier 
classification based on (Ce/Sm){^ ratios (Tables-7 and 8). 
Bagdunda volcanics and depleted Gopir volcanics display similar patterns, 
indicating their relative depletion with respect to the other patterns (especially for 
Th and Ce among the elements considered), but demonstrate their slight enrichment 
with respect to PM, which is also depicted from their PM-normalized multi-element 
patterns (Figures-32 and 33). However, depleted Gopir volcanics are slightly more 
enriched (probably due to their generation from a more fertile source; figure-39) 
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compared to those of Bagdunda volcanics (all the BAV are depleted in terms of (Ce/ 
Sm)jg ratio; table-8). The Gopir dykes average pattern resembles closely those of 
basal Aravalli volcanics (Figure-47:a and b). The enriched nature of the basal Aravalli 
volcanics is considered to reflect enriched source characteristics (Ahmad and Tarney 
1994). The resemblance of Gopir dyke samples with the basal Aravalli volcanics and 
overwhelming evidences presented earlier against the contaminated nature of these 
samples, imply that the enriched nature of the average ratio patterns probably reflect 
the source characteristics. The pattern for average flat Gopir volcanics is transitional 
between the dykes and the depleted Gopir volcanics. 
From this diagram it becomes clear that Bagdunda volcanics are derived from 
slightly depleted (in LREE, Th) to nearly flat source(s) like those for N-MORB (Le 
Roex 1987). The Gopir volcanics were derived from two distinct end member 
sources, one slightly depleted to nearly flat (like those for Bagdunda) and the other 
being highly enriched compared to PM (like those for OIB: Le Roex 1987, Figure-
31: Sun and McDonough 1989). The flat Gopir samples probably reflect mixing of 
these sources or mixing of the melts generated from these distinct sources. The 
predominance of LREE depleted patterns and high Nb/Ce ratios for Bagdunda and 
Gopir volcanic samples probably indicate predominance of asthenospheric mantle 
source in the generation of these volcanics. This is also supported by the absence of 
any indications of crustal contamination in these rocks , probably indicating that the 
lithosphere/crust was highly attenuated in this region. The enriched source charac-
teristics for the Gopir dyke samples may have some lithospheric influence as 
indicated by low Nb/Ce ratios, which is also seen in the neighbouring basal Aravalli 
volcanics. This is supported by the similarity of N-MORB and PM-normalized multi-
element patterns for the Gopir dykes with those of the basal Aravalli and other 
continental tholeiites (Figure-34). 
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Chapter - 6 
TECTONIC CONJECTURES 
CHAPTER SIX 
T E C T O N I C C O N J E C T U R E S 
The evolutionary history of Proterozoic rocks of Aravalli region has been in 
dispute for a long time. Various models have been put forward involving Wilson 
cycle (Sinha-Roy 1988, 1990) to resurgent rifting (Roy 1988, 1990; Bhattacharyya 
1990). However, none of these models has explained all the geological features of 
this region. 
In the various tectonic models proposed for the evolution of the Aravalli 
region, the tectonic setting of Jharol belt has been interpreted in different ways. 
Based on structural data Roy e/a/. (1971, 1981, 1988), Roy and Jain (1974), Naha 
et al. (1984), Naha and Chaudhuri (1968), Naha and Halyburton (1974, 1977), 
Sugden(1987) and Sugdene/a/. (1990) have suggested that Bhilwara belt, Udaipur 
belt and Jharol belt record similar tectonic history. Roy (1990) has proposed that the 
shallow water sediments of Udaipur belt and deep water sediments of Jharol belt were 
deposited in an eugeosynclinal and miogeosynclinal couplet and the ultramafic rocks 
occurring along Rakhabdev lineament were intruded during the terminal phase of 
Aravalli sedimentation. According to Roy (1990), the Bhilwara, Udaipur, Jharol and 
the Delhi belts evolved as ensialic fold belts through the development of a series of 
rifted basins. 
The rift related origin of Bhilwara and Udaipur belts has also been suggested 
by many workers (Ahmad and Rajamani 1988, 1991; Raza and Khan 1993; Deb 
1993). Geochemical data on basic volcanics of Bhilwara (Deb 1993) and Udaipur 
belts (Ahmad and Rajamani 1988, 1991; Raza and Khan 1993) overwhelmingly 
support that the Bhilwara and Udaipur sequences were deposited in rifted basins 
formed through lithospheric stretching. The widespread occurrence of rift related 
basalts in these early Proterozoic sequences reflect the greater influence of rift 
tectonics in this part of the Indian shield during early Proterozoic period. 
Sinha-Roy (1988) has proposed that the linear sequences of AravalH and Delhi 
belts developed through Wilson cycle. He suggested that, the early Proterozoic 
Udaipur and Bhilwara belts formed in an ensialic rift environment and the geological 
features of Delhi fold belt are consistent with oceanic crust subduction to allow for 
the generation of subduction related magmas and emplacement of oceanic crust. In 
his model, the mafic-ultramafic rocks of Jharol belt occurring along Rakhabdev 
lineament are considered as ophiolite which were emplaced as a result of collision at 
about 1800 Ma. 
Sugden et al. (1990), on the basis of structural data, grade of metamorphism 
and sedimentary assemblages have also envisaged the evolution of this terrain 
through a Phanerozoic type plate tectonic process. In their tectonic model, these 
authors interpreted the Jharol belt in two ways, (1) Jharol belt is a telescoped 
sequence of deep pelagic continental rise sediments and the rocks of Delhi fold belt 
were deposited in a back-arc basin which was formed due to eastward subduction. 
(2) The belt is an accretionary prism formed tectonically above a subduction zone 
with a westward polarity and Delhi rocks were deposited in fore-arc basin. 
Although, the tectonic setting of Jharol belt has been interpreted in different 
ways by various workers, geochemistry of its mafic and ultramafic rocks has not been 
taken into consideration. Eventhough, these mafic-ultramafic rocks have been 
visualized as part of oceanic or back-arc basin crust, their chemical characteristics 
have not been examined, probably due to the lack of adequate geochemical data. 
A synthesis of the available geochemical data (Ahmad and Rajamani 1988, 
1991; Volpe and Macdougall 1990; Deb and Sarkar 1990; Raza and Khan 1993; Raza 
et al 1993; Deb 1993; Ahmad and Tarney 1994; Abu-Hamatteh et al. 1994 and the 
present study) on mafic rocks of this region suggests the following significant and 
interesting features. 
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(1) The volcano-sedimentary sequences ofBhilwara and Udaipur belts which rest on 
the BGC basement contain continental basalt which erupted in an initial rifting 
environment. 
(2) There appears to be no geochemical evidence that subduction has played any role 
in the formation of the mafic volcanics of the above early Proterozoic belts. 
(3) The Jharol belt represents deeper portion of the Aravalli Supergroup, consisting 
of mafic-ultramafic rocks. The mafic rocks (Bagdunda and Gopir volcanics) of this 
belt show depleted LREE characteristics similar to N-MORB but with overall 
enriched characteristics resembling E-MORB, indicating transitional nature between 
N-MORB and OIB, implying attenuated lithosphere/crust allowing for derivation of 
these melts from asthenospheric sources. Gopir dykes in the other hand resemble 
continental tholeiites and CFBs, with trace element characteristics indicating their 
generation from sub-continental lithospheric sources, such as those for the basal 
Aravalli volcanics. The ultrabasic rocks may represent part of ophiolitic melange, 
probably related to the closure of Jharol oceanic basin. 
(4) The mafic volcanics of middle Proterozoic Ajabgarh Group of Delhi Supergroup 
are subduction related. 
(5) The MORB like chemistry of mafic rocks of Phulad in the south Delhi fold belt 
attests their ophiolitic nature . 
In view of the above observations, we believe that any successful model for 
the evolution of this region should account for all these features. In the present 
chapter, the geochemical data in combination with field evidence are used to suggest 
a possible geodynamic model which could account for the geological and geochemical 
characteristics of the magmatic rocks of Jharol belt. In fact the investigations based 
on geochemical data coupled with field evidences can be a very powerful tool to 
decipher the tectonic setting of ancient magmatic rocks because the geochemical 
characteristics of mafic magmatism and thereby, their sources are likely to reflect 
different tectonic settings. Therefore, the geochemical and petrogenetic informations 
regarding the source, its oxidation state, melting conditions and fractionation history 
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may provide some clues to interpret the tectonic settings prevailing during the 
magmatism. 
Although, the discrimination diagrams have been widely used to decipher the 
tectonic setting of ancient mafic volcanics, such diagrams may be ambiguous (Holm 
1985; Myers et al. 1987; Myers and Breitkopf 1989; Wang and Glover 1992), 
because they are based on rock samples from known tectonic settings of the recent 
age. Also during evolution of a craton, transitional phases are expected, whose 
chemistry may not fit in any pigeon-hole type compartments, normally given in such 
discrimination diagrams, thus giving ambiguous results. However, they may be used 
on the assumption that the fundamental physical processes of magmatic evolution 
have not changed substantially to take care of the first aspect. Nevertheless, extreme 
caution must be taken in applying these diagrams, particularly in case of rocks of 
transitional nature. 
As discussed in chapter (IV), the Gopir and Bagdunda volcanics and dykes 
are of tholeiitic basalts nature (Figures-17, to 24). Both the volcanic suites, when 
plotted in various discrimination diagrams (Figures-12 and 25 to 28), indicate their 
MORB affinity. However, the mid-oceanic ridge basalt (MORB) affinity of these 
volcanics is not supported by the MORB normalized multi-element patterns (Figures-
29 and 30), as both the Bagdunda and the Gopir volcanic suites show enrichment 
with respect to typical N-MORB (Sun and McDonough 1989), rather they closely 
resemble E-MORB for most of the incompatible trace elements except for LREE, 
which is similar to N-MORB and the flat patterns also resemble to E-MORB patterns. 
The Gopir dyke samples have all the anomalies and trace element characteristics 
similar to continental tholeiites. Overall, the whole suite appears to be transitional 
between oceanic sub-types and continental tholeiites. 
The presence of an oval shaped exposure of the basement gneisses (BGC) in 
Bagdunda area (Sharma et al. 1988) and the occurrence of fine grained quartzite 
(chert bands?) intercalated with the Bagdunda volcanics (Plate-1), which 
unconformably overly the Archaean continental basement (BGC), are the features 
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apparently not consistent with typical oceanic environments, although the trace 
element characteristics do support it. The younger Gopir volcanics and dykes and the 
associated ultramafic rocks occur within a thick column of deep water metasediments, 
are also intercalated with fine grained quartzite (chert?) bands (Plate-3), probably 
suggesting chemical precipitation of these quartzites at the time of volcanic 
eruption. Some of these fine quartzites (chert?) also have micaceous minerals which 
on metamorphism may give rise to the observed fuchsitic nature of these quartzites 
at places. The clean washed detrital quartzites associated with the basal Aravalli 
volcanics suggest their continental derivation, but the quartzites associated with 
Jharol volcanics are fine grained to almost glassy which could very well be chemically 
precipitated, as the continentally derived quartzites are not expected to be deposited 
in a deep water facies environment. Moreover, the quartzites associated with the 
latter do not preserve any sedimentary structures, suggesting their chemically 
derived nature. On the other hand, those found associated with the basal Aravalli 
volcanics preserve some sedimentary structures indicating their detrital nature. 
These volcanics did maintain their LREE depletion, indicating very little interaction 
with crust, as the latter is expected to have been very thin or non-existing under the 
inferred ocean rift tectonic environment. The overall low abundances of mafic and 
ultramafic rocks compared to the sediments of Jharol belt do not support typical 
ocean floor basalt setting, until most of the basaltic oceanic crust is consumed 
through subduction, because in typical oceanic environment the volcanics are 
expected to be much more abundant than the associated sediments. All these features 
as well as the geochemical data on mafic rocks, therefore, put some constraints on 
the model proposed by Sinha-Roy (1988), Sen (1981) and Sychanthavong and Desai 
(1977), in which these rocks are considered as part of obducted true oceanic crust. 
In recent island arcs and continental marginal settings, marine sediments are 
frequently intercalated with volcanic products (Thorpe 1982). Jharol volcanics 
having intercalation of deep water facies sediment and possibly situated near an 
Archaean continental mass ( BGC: Roy 1988) do not show any subduction related 
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signature in their chemistry. Thus, neither the chemistry nor the field characteristics 
indicate subduction related origin of these volcanics. 
The observed features can be explained by a situation where plume related 
lithospheric extension (Ahmad and Rajamani 1991; Ahmad and Tarney 1994) 
produced intra-cratonic rifts and eruption of Bhilwara-Aravalli volcanics in linear 
belts within the BGC craton. The Jharol basin developed at the margin of the BGC 
craton in response to the same extension which caused further attenuation of the 
crust/lithosphere, which was naturally thin due to its being at the BGC continental 
margin, and would have facilitated shallowing of the asthenosphere (Figure-48). 
Jharol volcanics with trace element characteristics transitional between N-MORB 
and OIB (Figure-31) and the associated deep water facies sediments support the 
above inferences regarding the development of the Jharol basin. It is possible that the 
enriched Gopir dykes are related to the same extension, but were generated from sub-
continental lithospheric sources (similar to those for basal Aravalli: Ahmad and 
Rajamani 1991; Ahmad and Tarney 1994) somewhere below the BGC craton and was 
emplaced in the form of dykes in the Jharol basin. Emplacement of such dykes is a 
common feature in a rift tectonic setting (Tarney 1992). 
The chemical characteristics and the field evidence as discussed above can be 
interpreted in terms of a model (Figure-48) in which the basement rock, i.e., the 
Banded Gneissic Complex (BGC) was rifted probably during the late Archaean-early 
Proterozoic period. With the opening of intra-cratonic basin the magma derived from 
sub-continental lithosphere reached the surface in the form of Bhilwara and basal 
Aravalli volcanics along with the sedimentary processes operating on the crust. As 
discussed earlier, the LREE depleted chemistry of Bagdunda volcanics occurring at 
the margin of the BGC craton and in the basal part of Jharol stratigraphy and their 
intercalation with fine grained quartzite are the features which can be best explained, 
in a continental margin extensional environment. The absence of evidence for any 
significant crustal contamination suggest their ascent through a thin continental crust 
which was undergoing extension. The magma evolved chemically by process of 
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Figurc-48: A simplified cartoon presentation of the proposed geotectonic evolutionary model of 
Jharol basin (A) Archaean basement (BGC) during the early stages of rifting, (B) Attenuated crust 
with fracture system: intra-cratonic volcanism in Bhilwara and Udaipur belts, marginal basin 
volcanism at the base of Jharol belt (Bagdunda volcanics) and (C) Further attenuated continental 
lithosphere and upwelling of asthenosphere due to progressive rifting; second phase of volcanism 
(Gopir volcanics and dykes). 
crystal fractionation during their ascent through the conduits/fractures with minimum 
effect of wall rock contamination and assimilation. 
With continued rifting, the crust became highly attenuated and, therefore, the 
next phase of volcanic activity (Gopir volcanics) occurred at the later stages of Jharol 
sedimentation (Figure-48). During this phase the pulses of primitive magmas rising 
from the asthenospheric mantle through a very thin lithosphere/crust, were much less 
hindered and reached the surface through a fracture controlled conduit system. The 
high Mg basalts and ultramafic lava reached the surface contemporaneously with the 
sedimentation. At this stage with progressive rifting a marginal sea developed. Due 
to highly attenuated nature of the crust the erupted lava (generated from asthenospheric 
sources) acquired some of their chemical characteristics closely similar to those 
extruded in an oceanic environment. Contemporaneous with the lava eruption, some 
dykes were also generated from lithospheric sources, somewhere below the BGC, 
and got emplaced during the development of Jharol oceanic basin. The occurrence 
of these mafic-ultramafic rocks in a linear belt with intercalated deep water sediments 
also opens the possibility that they represent a suture zone (?) within the Jharol basin 
or atleast their deposition in a linear belt has some tectonic control. The former is 
possible if we consider the Basantgarh-Ajari volcanics of the Delhi Supergroup (Deb 
and Sarkar 1990) to be the products of subduction of the Jharol oceanic crust. 
However, the scale of magmatism expected under such conditions is not really 
equated if Basantgarh-Ajari volcanics are considered as the only product. It is 
possible that the real arc, which had developed in response to this subduction, could 
not be preserved or it underlies the thrusted Delhi sequence or the Basantgarh-Ajari 
volcanics represent only a portion of the arc which could survive subsequent 
tectonism. 
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Chapter - 7 
CONCLUSION 
CHAPTER SEVEN 
C O N C L U S I O N 
The present study is an attempt to understand the geochemical characteristics 
and petrogenetic processes involved in the generation of the mafic and ultramafic 
rocks of the Jharol belt. Based on the geochemical characteristics and the field 
evidences, a geodynamic model for the development of the Jharol basin is proposed. 
For this purpose major, trace and rare earth elements were analysed for selected least 
altered samples. This study represent the first detailed geochemical study on the 
mafic and ultramafic rocks confined to the Kaliguman lineament and associated with 
deep water sediments of the Jharol basin. 
Field evidences suggest that these mafic-ultramafic rocks occur at two 
different stratigraphic levels. One at the basal part of Jharol stratigraphy (Bagdunda 
volcanics), having unconformable relationship with the Archaean basement rock 
represented by the extension or equivalent (?) of Banded Gneissic Complex (BGC). 
They are intercalated with thin bands of fine quartzite (chert?). Sometimes these 
mafic rocks are vesicular in nature. The younger mafic rocks (Gopir volcanics and 
dykes) are associated with large ultramafic bodies (Jharol Ultramafics) and occur 
intercalated with the thick metasediments of Jharol belt at a higher stratigraphic 
level. The ultramafic rocks show intercalation with thin fine grained quartzite bands, 
and at some places they preserve pillow lava structure. 
Petrographic examination indicate that the ultramafic rocks are of three 
varieties based on mineral assemblage (1) serpentine rich, (2) chlorite rich and (3) 
actinolite-tremolite ± talc + asbestos + carbonates. The Gopir mafic volcanics and 
dykes on the other hand, contain hornblende ± epidots_i: actionlite-tremolite± 
plagioclase ± quartz, the Bagdunda volcanics display uniform mineral assemblage 
consisting of amphiboles with variable quantities of plagioclase and quartz. Some 
relicts of clinopyroxene and plagioclase feldspar are also seen in both the mafic 
suites. 
To examine the effect of post crystallization processes on the Gopir and 
Bagdunda samples, various diagrams and chemical criteria have been used to 
evaluate the extent of these effects. The geochemical data indicate that these 
volcanics have not suffered serious mobility by various alteration processes, although 
the alkalies show some mobility. However, more weightage is given to minor and 
trace elements including REE data for petrogenetic and tectonic interpretation. 
Gopir and Bagdunda volcanics and dykes are classified as tholeiitic basalt on 
the bases of AFM, FeOVMgO versus FeO' and TiOj, Zr+Y-Cr-TiOjxlOO, Nb/Y 
versus Zr/P205 and P2O5 versus Zr diagrams. Their Fe-Mg enriched nature is 
depicted by Jensen's plot, where they are classified as high Mg basalts ranging in 
composition from high Mg tholeiite to basaltic komatiite. In the Zr/Ti02 versus Nb/ 
Y diagram, Gopir and Bagdunda volcanics are classified as sub-alkaline varying in 
composition from predominantly basalt to basaltic andesites. Dykes with higher Zr 
content plot in the andesite field. 
Some major observations and conclusions based on the present investigation 
are listed below. 
(1) Three types of REE patterns (depleted, flat and enriched) are displayed by 
Gopir and Bagdunda volcanics and dykes. Bagdunda samples are remarkably 
similar to each other and are depleted in terms of (Ce/Sm)j^ ratio (avg. 0.43). 
Gopir volcanics show predominantly LREE depleted and few flat patterns, 
Gopir dykes have LREE enriched patterns [avg. (Ce/Sm)j^ and (Ce/Yb)i,j 
ratio 0.55, 1.12,2.07 and 0.75, 1.23, 5.05 respectively]. The depleted and flat 
REE patterns of both the volcanic suites resemble N-E-type MORB. However, 
the overall chemistry including REE and HFSE reflect their similarities with 
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E-MORB (tholeiite) and in detail they depict transitional nature between N-
MORB and OIB. The enriched Gopir dykes resemble closely to the continental 
tholeiites and CFBs in terms of enrichment and various anomalies , indicating 
their ascent through relatively thicker sub-continental lithosphere/crust 
compared to the other samples. 
(2) REE abundances do not show any relationship with their respective Mg-
numbers and MgO contents. This may indicate their derivation by complex 
petrogenetic processes and/or they might have been derived from a 
heterogeneous mantle source by different extents of partial melting with each 
magma phases undergone fractionation independently. 
(3) The variation in geochemical features of these rocks suggest that the bulk 
composition has been controlled by both partial melting and fractional 
crystallization. The dominant fractionating phases being olivine and 
clinopyroxene. Plagioclase fractionation is negated by the absence of negative 
Eu and Sr anomalies (except for the dyke samples) in the normalized REE and 
multi-element patterns. 
(4) Overall Gopir volcanics and dykes appear to be less fractionated as indicated 
by their high Mg-numbers and MgO, Ni and Cr abundances and at the same 
time they are relatively enriched in terms of their incompatible trace elements 
compared to Bagdunda volcanics. This may indicate more fertile source and 
higher degrees of partial melting for the Gopir mafic samples. 
(5) A detailed synthesis of data depicts the moderately enriched nature of both 
these volcanics and dykes with respect to N-MORB. We ascribe the enriched 
nature and the observed compositional characteristics of these samples to 
reflect their mantle source(s) characteristics which appear also to be enriched 
with respect to primitive mantle and N-MORB sources. 
(6) Crustal contamination appears to be limited and less significant for majority 
of the rock types in this area. However, sample GRV30 is suspected to be 
contaminated . This sample with low Ti02 content (0.27%) and negative Nb 
anomaly resembles contaminated low-Ti basalts. 
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(7) Ce-Nd and HFSE ratios (Y/Nb and Zr/Y) diagrams, also profoundly support 
the uncontaminated nature of these volcanics and dykes and suggest their 
derivation by variable degrees of partial melting , probably ranging from less 
than 10% to more than 20% partial malting. 
(8) Petrogenetic modelling based on [Fe-Mg] diagram for Gopir and Bagdunda 
volcanics and dykes reveals the following points: 
(a) These volcanics and dykes have been derived from non-pyrolitic 
source(s). 
(b) Their sources probably were variably enriched in [Fe/Mg] ratio with 
large variation in [Fe] contents. 
(c) Highlights the effective role of partial melting in the evolution of these 
melts. 
(d) The dominant fractionating phases are olivine and clinopyroxene. 
(9) N-MORB and PM- normalized multi-element patterns of the Gopir and 
Bagdunda volcanics and dykes suggest the followings: 
(a) The apparent oceanic affmity of these volcanics in various major , 
minor and trace elements based discrimination diagrams seem to be 
true, although ambiguous results are seen for the dykes. 
(b) Muhi-element patterns of both the volcanic suites suggest their enriched 
nature compared to N-type MORE and depict their transitional nature 
between N-MORB and OIB. 
(c) The dykes appear to have continental tholeiites affinity. 
(d) These diagrams indicate generation of these volcanics from 
asthenospheric sources as indicated by positive Nb anomalies and high 
Nb/Ce ratios, and the dykes appear to have been derived from sub-
continental lithospheric sources (similar to those for basal Aravalli 
volcanics) as indicated by negative Nb, P and Ti anomalies and low Nb/ 
Ce ratios. 
(10) The chemical characteristics of Gopir and Bagdunda volcanics and dykes in 
terms of their trace element patterns are similar to those of rift environments. 
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Based on the geochemical data, supported by the field evidences, we propose 
a geodynamic model for the development of Jharol basin. In this model, we suggest 
that the basement rock, i.e., the Banded Gneissic Complex (BGC) started rifting 
probably under the influence of mantle plume during the late Archaean- early 
Proterozoic period. During the opening of the basin, magma derived from 
asthenospheric mantle reached the surface contemporaneously with sedimentation. 
The first phase of volcanism is represented by Bagdunda volcanics, their bulk 
chemistry indicate that the magma did not interact with the crust and thus, reached 
the surface with uncontaminated nature. With continued rifting, the crust became 
highly attenuated and facilitated asthenospheric upwelling and therefore, causing 
high degrees and amount of melting (indicated by large volume of mafic and 
ultramafic rocks) during the second phase of magmatism (Gopir volcanics) which 
occurred at later stages of Jharol stratigraphy and sedimentation. Co-eval melting of 
the sub-continental lithosphere under the adjoining BGC craton, probably caused the 
emplacement of dykes along with the Gopir volcanics. At this stage of progressive 
rifting an oceanic crust very similar to those in marginal basin/sea developed in the 
Jharol belt. The magma evolved chemically by process of fractional crystallization 
during its ascent through highly attenuated crust, thereby, the effect of crustal 
contamination was minimal. 
We suggest that the mantle sources responsible for the generation of the basal 
Aravalli volcanics of the type area (Udaipur belt), the basal Jharol volcanics 
(Bagdunda volcanics) and the younger volcanics (Gopir volcanics), probably were 
not the same. The basal Aravalli volcanics and the Bhilwara volcanics have enriched 
LREE-LILE source characteristics with distinct negative anomalies for HFSE, 
appear to have been generated from sub-continental lithospheric sources. The Jharol 
volcanics on the other hand, with LREE depleted, positive Nb anomalies and high Nb/ 
Ce ratios appear to have been generated from asthenospheric sources with some 
inputs from mantle plume (OIB source). Although the Gopir dykes have trace 
element characteristics similar to those of basal Aravalli volcanics, the former is 
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treated as younger based on stratigraphic considerations. Thus, they appear to 
represent different pulses of melting of a common source, indicating episodic rifting 
and magmatism in this area. The occurrence of these mafic-ultramafic rocks along a 
linear zone (Kaliguman lineament) and their low abundances with respect to the 
associated sediments, opens the possibility that these mafic-ultramafic bodies along 
this lineament actually represent a suture zone within the Jharol sea/ocean, where the 
basaltic components were subducted to give rise to younger subduction related 
Basantgarh-Ajari volcanics of the Delhi Supergroup. The thick sedimentary assemblage 
of the Jharol basin, in that case, may represent non-subductible sedimentary cover of 
the sea/ocean which formed an accretionary prism along the Kaliguman suture. 
TABLES 
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Tabic - 1 
General stratigraphic succession of the Aravalli Supergroup in the 
type area (after Roy et al. 1993). 
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T id i Formation — Slatc/phyllite with 
thin beds o f dolomite 
and quartzite 
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I A B o w a Formation — Quartzite and 
D R G (=Machh l a Mag ra quartzose-phyllite 
D A R Formation of Roy 
L V 0 ct al.. 1988) 
E A U 
L P M o c h i a Formation — Dolomite, carbon, phyllitc. 
L (=Zawar Formation of quartzite ctc. with ore bodies 
I R o y ct a l , 1988) o f lead, zinc and silver 
Udaipur Formation — Grcywackc-slate-phyllite, lithic 
arenite, diamictic conglomerate 
(=S i shmagra conglomerate) 
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I Dc lwara Formation 
Dolomite, quarlzitc, 
carbon, phyllitc, silcrctc, 
fcmcrctc and thin local beds o f 
stroinitolitic phosphorite near 
the base; local pockets of copper 
and uranium deposits 
( = 'Ra i a l o marbles' of Iswal, 
Nathdwara and Kc lwa ) 
Meta-volcanics with thin beds o f 
mctascdimcnts (= 'Bar i volcanics ' ) 
Unconformity 
M e w a r Gneiss 
(Archacan) 
i ' re-Araval l i gneisses, granite 
amphibolitcs and metasediment 
Tabic - 2 
General stratigraphy of the Proterozoic sequences of south-central 
Rajasthan (after Sinha-Roy et a!. 1993). 
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(Turbiditc, chcrt, quartzite with ultramafic/ 
mafic tectonic bodies) 
1. Conglomerate (C-3) ( I swal , Ba rapa l , Jha lara , 
Sab la ) 
-Unconformity/Lenco-granite intrnsion and metamorphism • 
D E B A R I G R O U P 
( M I D D L E A R A V A L L l ) 
4. Z a w a r Format ion 
( D o l o m i t e , Calc-arcnite with Pb, Z n ) 
3. U d a i p u r Format ion 
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J Ianot ia, Aknrsada ) 
D E L W A R A G R O U P 
( L O W E R A R A V A L L l ) 
Uuconforniity/Pink granite intrusion 
2. N e g a r i a Fo rmat i on ( = Bar i Lake ) 
( Ba s i c volcanics, B I F , chert, do lomite) 
1. Conglomerate ( C - l ) (Na lha i i a - k i -Pa l , K o t r i ) 
Unconformity 
Dandci l Cnc i s s i c Complc.x/Tonnl i l i c gneiss o f A h n r R iver, Udaisngor nnd Jo i samand 
granitic bodies. 
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Table - 3 
Major element abundances (in wt%) and Trace element 
concentrations (ppm) of Jharol ultramafics, Jharol belt, 
Rajasthan, India. 
Sampi t TPOJ TP02 TP03 TP04 T P 0 5 T P 0 6 TP07 
Major oxides (wt%) -
SiOj 40.8 40.9 40.9 40.5 40.4 40.5 40,5 
T i O j 0.03 0.01 0.05 0.04 0.05 0 .03 0.05 
AI2O3 1.6 1.9 2.0 2.4 2.2 2.4 1.9 
FeO' 3.01 5.27 5.70 3.50 6.13 6.29 5.80 
MhO 0.05 0.08 0.08 0.06 0.07 0.05 0.07 
MgO 39.2 36.3 39.5 38.5 37.1 38.6 39.6 
CaO 0.08 0.04 0.53 * 0.03 0.07 0,01 
N a j O * • * * * « * 
K j O * • • * * • « 
P2O5 • « • « • * » 
L.O.I. 12.93 11.93 12.60 12.41 11.88 12.42 12,47 
Total 97.70 96.43 101.36 97.41 97.86 100.36 100.40 
Trace elements (ppm) 
V 28 27 45 42 50 53 46 
Cr 650 370 2610 1289 2505 4678 4742 
Ni 2344 1883 1650 1860 2246 1963 2060 
Co 56 91 99 58 96 104 89 
Sample MEOl ME02 P H 2 3 P H 2 6 C H 0 2 GR02 
Major oxides (wt%) 
SiOj 39.3 39.3 40.6 40.6 39 .3 41,6 
T i O j 0.13 0.05 0.03 0.14 0.09 0,09 
AI2O3 2.5 1.0 1.4 2.2 2.0 3,6 
FeO' 5.26 7.25 6.94 9.50 7.10 7,96 
MnO 0.03 0.04 0.06 0.06 0.01 0 .07 
MgO 37.7 36.9 36.8 36.3 41.5 39,6 
CaO 0.02 0.16 0.35 0.01 0.02 0,12 
N a j O • • • • • • 
K2O • • * • • • 
P2O5 • • • * • • 
L.O.I. 12.41 14.70 15.67 13.19 10.58 9.02 
Tota l 97.35 99.40 101.85 102.00 100.60 102.06 
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Table - 7 
Major element (in wt%) and trace element (in ppm) concentrations of 
Gopir volcanics (GRV) and Gopir Dykes (GRD), 
Jharol belt, Rajasthan, India. 
HO 
Sample GRV5 GRV6 GRV7 GRV9 GRVIO GRV13 G R V 1 6 GRV17 GRV18 GRV19 
Major oxides (wt%) 
SI02 45 1 44 0 42 3 41 6 42 7 41 5 44 7 43 5 45 7 44 0 
T i O j 1 49 2 10 1 70 1 81 1 04 1 75 0 98 1 81 1 27 1 71 
A l j O , 11 4 13 4 13 9 12 5 12 4 12 6 12 0 n 9 13 6 13 8 
FeO< 12 78 12 51 13 93 14 50 13 80 15 54 13 66 15 11 14 49 13 34 
MnO 0 33 0 33 0 34 0 17 0 28 0 18 0 19 0 17 0 22 0 18 
MgO 12 6 11 9 12 0 13 3 11 3 12 2 12 6 12 9 9 2 10 5 
CaO 12 75 12 67 12 39 11 01 17 06 11 64 12 59 11 83 10 63 13 79 
N a j O 1 39 1 92 2 09 1 34 0 42 1 83 2 00 1 97 2 28 1 75 
0 66 0 85 0 96 0 48 0 22 0 50 0 37 0 38 0 36 0 37 
0 17 0 18 0 23 0 18 0 15 0 28 0 07 0 10 0 17 0 16 
L O I 1 66 1 51 1 52 1 86 1 96 1 16 1 01 1 16 0 98 0 99 
To ta l 100 33 101 37 101 36 98 61 101 33 99 18 100 17 100 20 98 90 100 59 
11 70 11 20 12 30 12 90 11 70 13 80 12 40 13 30 14 50 12 10 I i 
[Mg]% 23 90 23 40 23 60 24 90 21 60 23 40 24 10 24 20 18 80 20 90 
T Liq-'C 1319 1307 1317 1343 1277 1323 1326 1334 1244 1266 
Trace Elements (ppm) 
V 228 237 326 300 270 200 210 200 240 290 
Cr 359 590 431 300 500 530 410 430 280 380 
Ni 171 245 233 83 110 260 210 300 73 190 
Co 65 63 71 • 55 * 60 68 
• 45 
Sc 52 71 60 57 50 56 38 36 49 49 
Cu 313 299 283 • 210 * 222 176 
• 228 
Zn 69 181 197 • • • 
* • « * 
Ga 24 29 28 • 22 • 17 16 
• 27 
Rb 8 10 11 • 6 * 4 9 
• 8 
Sr 359 616 603 • 595 * 192 96 
• 672 
Ba 28 31 33 • 11 • 12 IS 
• 63 
Y 38 42 51 41 31 28 27 28 33 39 
Zr 144 203 185 133 114 128 66 65 113 126 
Nb 21 22 23 6 8 8 6 7 8 8 
Pb 38 53 50 » * * • 
% * • 
Th 1 BDL BDL • 0 47 « 1 80 0 73 
« 0 30 
U « • * • 0 12 • 0 32 0 2 1 
• 0 22 










13 01 18 80 1 7 5 7 • 12 09 • 12 54 11 19 • 14 04 
11 24 14 69 12 02 • 10 54 » 6 80 8 65 • 15 69 
3 03 3 99 3 40 • 4 93 • 3 12 3 66 • 7 86 
1 32 1 64 1 85 • 1 95 • 0 80 1 36 • 3 47 
4 32 5 22 5 11 • 4 83 • 2 66 3 79 • 9 64 
5 98 6 82 6 57 • 4 98 3 32 4 09 • 8 78 
3 81 3 99 4 22 • 3 21 • 2 21 2 90 • 4 69 
3 54 4 03 4 37 • 3 92 • 2 44 2 92 • 5 18 
0 52 0 52 0 57 • 0 45 » 0 27 0 38 • 0 63 
Table 4 Contd... 
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Sample G R V 2 0 G R V J I GRV22 GRV24 GRV25 GRV27 GRV28 GRV29 GRV30 GKV31 
Major oxides (Mt%) 
S i O , 45 1 47 3 40 5 44 1 41 4 46 1 44 5 43 5 44 1 44 8 
T i O , 1 72 1 50 1 87 1 08 1 95 1 35 1 59 1 50 0 27 1 61 £ 
11 9 11 6 12 8 13 8 1 2 4 13 5 12 6 13 7 M 9 12 9 " ' 2 3 
FeO' 13 12 14 62 13 90 14 94 15 34 12 87 14 45 14 05 13 02 14 20 
MnO 0 17 0 19 0 17 0 16 0 19 0 17 0 22 0 15 0 15 0 17 
MgO 12 9 9 4 11 0 10 8 13 4 11 1 8 2 10 9 10 6 11 0 
CaO 11 64 11 75 14 31 11 83 12 27 14 46 10 49 13 40 15 06 12 28 
N a j O 1 97 1 63 1 98 1 54 1 17 1 57 3 12 1 10 2 61 1 79 
K j O 0 38 0 48 0 23 0 55 0 44 0 33 0 35 0 41 0 37 0 43 A 
0 16 0 15 0 21 0 19 0 15 0 15 0 21 0 15 0 n 0 12 * 2 5 
L O I 1 16 0 78 1 68 0 92 1 48 0 72 1 74 0 89 0 84 1 22 
T o t a l 100 22 99 40 98 65 99 91 100 19 102 32 97 47 99 75 99 03 100 52 
(Fe01% 12 00 14 50 12 30 13 80 13 10 11 50 15 10 12 60 12 10 13 10 
[MgO]% 24 50 18 70 22 50 20 80 24 70 21 30 18 10 21 00 22 10 21 40 
T Liq°C 1330 1241 1297 1276 1341 1271 1235 1271 1288 1282 
Trace Elements (ppm) 
V 200 373 200 280 230 290 270 220 261 250 
Cr 500 300 630 330 580 420 180 470 2000 470 
Ni 260 139 370 150 310 203 62 230 560 230 
Co • 51 • 52 80 37 
* 103 62 • 
Sc 56 * 53 57 
38 54 53 48 57 21 55 
Cu 298 * 236 232 257 
• 564 239 * 
Zn * « * • * 
• • • * « 
Ga • 18 • 28 23 32 
* 22 23 * 
Rb • 17 * 26 6 6 
* 6 5 • 
Sr * 154 » 633 816 858 
* 483 452 * 
Ba » 20 • 55 59 36 
* 97 15 * 
Y 31 40 52 33 40 34 38 29 31 42 
Zr 172 82 156 112 174 131 90 118 77 124 
Nb 12 15 15 7 20 9 9 11 3 9 
Pb » * * * 
• * * * « * 
Th * 0 24 » 0 36 0 34 0 3 1 
• 0 13 1 07 « 
U * 0 16 • 0 17 0 10 0 21 
* 0 18 0 32 * 










11 22 • 10 42 18 92 13 62 • 17 81 16 69 
14 04 • 10 51 19 94 14 48 • 18 59 12 00 
7 02 • 4 74 8 54 7 07 • 7 83 3 93 
2 47 • 4 42 3 20 3 38 • 2 35 1 13 
7 22 • 5 14 9 30 7 18 • 7 99 3 53 
8 43 » 5 46 9 78 8 34 » 8 23 4 17 
5 29 • 3 37 5 58 4 41 » 4 08 2 75 
6 19 • 4 75 6 68 5 98 • 5 36 3 58 
0 84 • 0 60 0 84 0 69 • 0 6 1 0 49 
Table 4 Contd... 
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SampU GRV32 GRV33 GRD3 GRD4 G R D l l GRI)12 G R D I S GRI)23 GRI)26 
Major oxides (wt%) 
SiO, 41.7 44.1 38.5 38.2 43.7 44.1 44.2 44.7 43.1 
1.69 1.36 1.81 1.78 1.13 1.34 1.06 1.29 1.16 11^2 
AUO, 12.8 13.7 15.0 15.2 12.9 11.3 11.7 13.1 12.3 
FeO< 14.43 13.47 10.95 11.57 12.94 14.55 14.19 14.16 15.31 
MnO 0.19 0.15 0.17 0.17 0.14 0.23 0.32 0.16 0.20 
MgO 12.2 12.1 12.9 13 9 10.5 11.7 14.4 10.5 II.O 
CaO 12.74 12.64 17.75 17.21 12.79 13.21 11.64 13.84 14.12 
N a j O 1.51 1.50 0.68 1.33 1.80 1.01 1.22 1.94 1.03 
K j O 0.37 0.71 BDL BDL 0.50 0.42 0.32 0.44 0.52 
P9O, 0.17 0.14 0.11 0.23 
* 0.15 • * 0.13 
* 2 5 
L.O.I. 1.53 1.10 3.10 3.00 1.16 0.85 1.34 0.82 l.IO 
Tota l 99.33 100.97 100.97 102.59 97.56 98.86 100.39 100.95 99.97 
tFe]% 12.70 12.00 8.80 9.10 12.30 13.20 12.50 12.90 13.60 
[Mg]% 23.50 23.10 25.60 27.40 21.40 22.10 25.70 20.80 21.10 
T Liq°C 1317 1306 1333 1365 1278 1295 1355 1270 1279 
T r a c e E l e m e n t s ( p p t n ) 
V 260 280 172 180 210 240 220 202 290 
Cr 480 492 173 169 1800 310 330 1100 810 
Ni 230 233 157 163 710 180 490 460 390 
CO * 59 33 35 « 69 79 62 78 
Sc 66 47 30 32 40 49 37 37 41 
Cu • 241 204 193 • 245 237 217 223 
Zn « * 62 94 
* * * • 4> 
Ga » 29 23 19 * 17 24 24 23 
Rb » 34 BDL BDL « 9 7 12 14 
Sr * 550 966 856 * 171 1019 575 741 
Ba • 55 10 8 • 15 10 30 103 
Y 54 36 69 63 69 33 63 64 76 
Zr 143 108 244 221 128 76 194 138 185 
Nb 12 19 15 14 8 9 14 22 14 
Pb * • 17 36 
• • • • * 
Th • 0.32 * « • 4.69 
• 1.72 4.05 
U * 0.12 « • • 1.39 
• 0.21 0.46 
Rare Earth Elements (ppm) 
Ce • 12.14 160.80 * • 24.67 147.55 39.01 71.66 
Nd • 11.65 70.71 • 9.22 30.28 36.33 58.36 
Sm • 5.39 13.30 • • 3.96 9.25 12.88 17.40 
Eu • 3.13 2.83 • • 0.82 1.60 2.93 3.38 
Gd • 6.70 11.47 • • 3.82 6.47 12.54 15.48 
Dy • 6.61 11.72 « • 3.89 6.87 12.65 13.92 
Er • 4.01 6.17 • 2.52 3.63 7.25 7.43 
Yb * 5.08 6.37 * • 2.45 3.50 8.10 8.31 
Lu * 0.68 0.91 • • 0.34 0.39 0.99 0.94 
BDL: Below Detection Limit. 
L.O.I.: Loss On Ignition. 
N o t Ana l y sed . 
[ F e ] % : C o m p o s i t i o n a l l y Corrected FeO. 
[ M g l % : C o m p o s i t i o n a l l y Corrected M g O . 
T L i q ° C : L i q u i d u s Temperature. 
F e O ' as Tota l I ron. 
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Table - 5 
Major element (In wt%) and trace element (in ppm) concentrations of Bagdunda 
volcanics (BAY), Jharol belt, Rajasthan, India. 
Sampl r BAV2 BAV3 BAV4 BAV5 BAV7 BAVIO BAV14 BAV18 BAV19 
Major oxides (wt%) 
S1O2 52 2 49 5 50 5 51 8 48 9 48 3 47 1 47 8 47 7 
T i O j 0 95 2 25 1 16 1 00 0 91 1 23 1 07 1 20 1 13 
AI2O3 12 2 11 7 12 3 n 8 12 7 12 8 12 3 12 8 13 4 
FeO' 10 39 12 51 10 80 10 05 11 38 11 90 11 20 11 05 10 91 
MnO 0 17 0 19 0 20 0 18 0 18 0 18 0 18 0 17 0 17 
MgO 8 8 8 9 8 2 8 3 9 9 9 7 12 7 10 3 8 9 
CaO 9 97 11 18 12 75 11 89 13 23 n 77 11 79 12 28 12 23 
N a j O 1 57 2 46 3 18 1 99 4 01 2 12 1 89 2 19 2 32 
K2O 0 90 0 40 0 25 0 26 0 13 0 31 0 30 0 30 0 29 
P2O5 0 18 0 24 0 15 0 14 0 04 0 13 0 07 0 12 0 11 
L O I 2 31 1 79 2 01 1 98 0 93 1 96 0 79 0 82 0 77 
Tota l 99 64 101 12 101 50 99 39 102 31 100 40 99 39 99 03 97 93 
(Fe]% 11 90 13 00 11 50 11 30 11 20 12 10 10 60 11 10 11 40 
IMg]% 19 10 18 80 18 40 18 20 21 30 20 00 24 40 21 20 19 20 
T Liq°C 1232 1233 1216 1211 1270 1249 1320 1265 1231 
Trace Elements (ppm) 
V 272 261 351 304 220 200 245 190 180 
Cr 418 291 284 325 460 460 710 410 410 
Ni 169 171 222 160 160 150 330 215 140 
Co 44 56 51 52 * 48 60 44 49 
Sc 49 41 57 52 49 37 36 36 53 
Cu 120 144 219 73 • 294 312 286 245 
Zn 143 142 117 143 • • » • » 
Ga 24 22 25 19 * 16 15 17 17 
Rb 4 BDL 3 BDL • 2 3 4 3 
Sr 164 513 108 115 • 342 333 232 258 
Ba 59 32 26 54 « 63 31 103 99 
Y 25 30 33 29 29 26 23 24 22 
Zr 96 170 80 71 58 98 89 79 76 
N b 7 15 12 9 8 10 6 8 8 
Pb 20 BDL 16 5 * • • • • 
Th 5 6 BDL 4 • 0 15 0 16 0 2 0 11 
U • • • • • 0 13 0 11 0 14 0 12 
Rare Earth Elements (ppm) 
Ce • 19 72 * 4 92 • 8 94 7 19 8 04 7 18 
Nd • 17 23 • 6 51 • 15 55 12 21 12 31 10 43 
Sm • 4 44 • 1 86 * 6 97 6 02 7 10 6 00 
Eu • 1 82 • 0 83 • 2 30 2 13 2 08 1 64 
Gd • 5 60 • 3 79 • 6 84 6 41 6 72 6 23 
Dy * 5 09 • 4 52 • 7 40 6 23 5 47 5 14 
Er • 2 21 • 2 87 • 3 70 3 26 3 46 3 41 
Yb • 2 08 • 2 84 • 4 31 3 58 4 03 3 70 
Lu • 0 28 • 0 41 • 0 56 0 50 0 53 0 42 
Table 5 Contd... 
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Sample BAV2I B A \ 2 4 BAV27 BAV33 BAV34 BAV36 BAV37 BAV38 BAV41 
Major oxides (wt%) 
SI02 48 3 49 8 52 2 50 9 94 2 47 1 47 5 48 5 48 8 
TI02 1 28 0 96 1 00 1 52 1 63 1 59 1 13 1 12 0 98 
A1203 13 1 13 3 11 5 12 7 13 0 12 2 1 2 9 11 9 12 5 
FeO' 12 79 11 62 12 13 13 00 14 39 15 41 13 12 12 51 11 81 
MnO 0 20 0 19 0 13 0 18 0 19 0 18 0 19 0 20 0 19 
MgO 8 0 8 8 9 7 7 7 7 7 8 4 10 3 8 4 10 0 
CaO 10 46 10 65 I t 93 10 79 9 57 10 82 11 88 10 99 11 52 
N a j O 3 05 3 34 1 43 1 39 1 86 1 23 1 99 2 56 3 46 
K2O 0 45 0 3 ! 0 2 1 0 32 0 55 0 51 0 26 0 34 0 24 
P2O5 0 15 0 10 0 11 0 14 0 14 0 17 0 10 0 11 0 11 
L O I 0 89 0 78 0 69 0 68 0 80 0 79 0 75 0 71 0 97 
Tota l 98 67 99 85 101 03 99 32 99 03 98 40 100 12 97 34 100 58 
[Fe]% 13 90 12 50 12 50 14 10 15 90 15 70 12 80 13 60 12 10 
[Mgl% 17 90 19 40 19 10 16 10 14 50 16 80 20 40 18 30 21 30 
T Liq°C 1222 1243 1236 1190 1173 1214 1262 1228 1273 
Trace Elements (ppm) 
V 250 190 220 290 330 340 250 240 220 
Cr 340 460 420 180 160 181 270 330 280 
Ni n o 160 203 138 148 156 191 187 93 
Co • * 42 52 60 64 53 46 • 
Sc 48 45 46 48 47 48 48 40 46 
Cu • • 287 233 397 261 318 263 • 
Zn * • • • • * * * • 
Oa • • 17 20 22 22 16 17 « 
Rb • • 2 2 2 2 4 4 • 
Sr • • 122 94 58 27 88 63 • 
Ba • • 11 19 14 17 34 42 • 
Y 34 26 29 35 39 37 31 32 29 
Zr 70 61 52 101 104 114 60 58 57 
Nb 9 4 14 11 10 12 8 8 5 
Pb * • • • * • * • * 
Th « • 0 2 ! 0 33 0 4 0 29 0 14 0 22 « 
U • • 0 14 0 19 0 24 0 15 0 1 0 12 
Rare Earth Elements (ppm) 
Ce • • 5 70 16 98 15 95 19 37 5 88 5 62 
Nd • • 10 75 20 19 20 43 30 03 10 92 9 87 • 
Sm • • 5 06 8 34 8 6 1 10 78 5 84 6 00 
Eu • * 1 84 2 39 2 29 2 74 1 92 1 59 « 
Gd • * 5 80 8 26 9 03 10 82 6 35 6 47 • 
D> • • 6 92 8 72 8 77 9 33 8 19 7 06 • 
Er • • 4 13 4 8 1 5 45 5 58 4 91 4 47 • 
Yb » • 5 21 5 98 6 53 6 11 5 55 5 83 • 
Lu • » 0 7 1 0 81 0 90 0 75 0 76 0 65 • 
BDL Below Detection Limit 
lFe]*/» Composition»n> CorrcLted F tO 
FeO' as Total Iron 
L O I Loss On Ignition 
|Mg)% CompositionalI> Corrected MgO 
• Not Analaysed 
T Liq°C Liquidus Temperature 
Table - 6 
Element ratios of Jharol ultramafics, Jharol belt, 
Rajasthan, India. 
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Samples TPOl TP02 T P 0 3 TP04 T P 0 5 T P 0 6 TP07 
Element ratios 
Mb# 95.87 92.47 92.51 95.15 91.52 91.62 92.41 
M g O / A l j O j 24.50 19.11 19.75 16.04 16.86 16.08 20.84 
c a o / A l z O j 0.05 0.02 0.27 0.00 0.01 0.03 0,01 
MgO/S iOj 0.96 0.89 0.97 0.95 0.92 0.95 0.98 
Al203 /T i02 53.33 190.00 40.00 60.00 44.00 80.00 38.00 
M g 0 / T i 0 2 1307 3630 790 963 742 1287 792 
C a O / T i O j 2.67 4.00 10.60 0.00 0.60 2.33 0.20 
FeOVMgO 0.08 0.15 0.14 0.09 0 .17 0.16 0.15 
Ni/Co 41.86 20.69 16.67 32.07 23.40 18.88 23.15 
Ni/Cr q3.61 5.09 0.63 1.44 0.90 0.42 0.43 
Cr/V 23.21 13.70 58.00 30.69 50.10 88.26 103.09 
Ni/V 83.71 69.74 36.67 44.29 44.92 37.04 44.78 
Cr/Co 11.61 4.07 26.36 22.22 26.09 44.98 53.28 
V/Co 0.50 0.30 0.45 0.72 0.52 0.51 0.52 
Sample MEOl ME02 P H 2 3 PH26 C H 0 2 GR02 
Element ratios 
Mg# 92.74 90.07 90.43 87.19 91.24 89.86 
M g 0 / A l 2 0 3 15.08 36.90 26.29 16.50 20 .75 11.00 
C a 0 / A l 2 0 3 0.01 0.16 0.25 0.00 0.01 0.03 
MgO/SiOj 0.96 0.94 0.91 0.89 1.06 0.95 
Al203 /T i02 19.23 20.00 46.67 15.71 22.22 40.00 
MgO/TiOj 290 738 1227 259 461 440 
C a O / T i O j 0.15 3.20 11.67 0.07 0.22 1.33 
FeO' /MgO 0.14 0.20 0.19 0.26 0 .17 0.20 
Ni/Co 21.78 20.30 20.33 20.65 18.16 8.52 
Ni/Cr 1.29 0.67 1.09 0.63 t . l l 0.80 
C ' /V 30.49 108.87 47.66 84.35 37 37 18.62 
Ni/V 39.29 73.07 52.07 52.95 35.98 14.86 
Cr/Co 16.90 30.24 18.61 32.90 16.34 10.68 
V/Co 0.55 0.28 0.39 0.39 0.50 0.57 
M g # : ( 100 M g O / M g O + F e O ' ) . 
F e O ' a s T o t a l I ron. 
Table - 7 
Element ratios of Gopir volcanics (GRV) and Gopir dykes (GRD), 
Jharol belt, Rajasthan, India. 
HO 
S a m p l e G R V 5 G R V 6 G R V 7 G R V 9 
Element ratios 
S.I. 45 .94 43 .78 41.41 45.12 
Mg# 63 .73 62 .90 60 .55 62 .27 
A l 2 0 3 / T i 0 2 7 .65 6 .38 8 .18 6.91 
C a 0 / A l 2 0 3 1.12 0.95 0 .89 0 .88 
F e O ' / M g O 1.01 1.05 1.16 1.09 
M g O / C a O 0 .99 0 .94 0 .97 1.21 
C a O / T i O j 8.56 6 .03 7.29 6 .08 
M g O / T i O j 8 .46 5.67 7.06 7 .35 
TiOj/PzOj 8.76 11.67 7.39 10.06 
FeO' / (FeO»+MgO) 13.60 12.90 13.00 14.30 
P2OJ/AI2O3 0 .015 0 .013 0 .017 0 .014 
Y/Nb 1.81 1.91 2.22 6 .83 
Nb/Y 0 .55 0.52 0 .45 0 .15 
Z r / N b 6 .86 9 .23 8.04 22 .17 
Zr /Y 3 .79 4.83 3 .63 3.24 
Z r / T i 0 2 0 .016 0 .016 0 .018 0 .012 
Z r / P j O j 0 .19 0 .26 0 .18 0 .17 
Ti /Y 235 300 200 265 
[Ce/Sm]N 1.08 1.18 1.29 • 
[Gd/Yb]N 1.01 1.07 0 .97 « 
[Gd/Er]N 0.91 1.05 0 .98 • 
(Sm/Er]N 0 .86 1.08 0 .87 • 
ICe /Ybl j j 1.03 1.30 1.12 « 






































































































































C a O / A l j O j 
FeOVMgO 
M g O / C a O 
C a O / T i O j 
M g O / T i O j 
TiO /^PjO, 














4 5 . 4 7 35.97 40 .58 38.81 44 .15 42.91 31 .39 41 .19 39 .85 
63 .66 53.40 58.51 56.30 60 .89 60 .58 50 .28 58 .03 59 .20 
6 .92 7.73 6 .84 12.78 6 .36 10 7 .92 9 .13 4 4 . 0 7 
0 .98 1.01 1.12 0 .86 0 .99 1.07 0 .83 0 . 9 8 1.27 
1.02 1.56 1.26 1.38 1.14 1.16 1.76 1.29 1.23 
1.11 0 .80 0 .77 0.91 1.09 0.77 0 .78 0.81 0 .70 
6 .77 7 .83 7 .65 10.95 6 .29 10.71 6 .60 8 .93 55 .^8 
7 .50 6 .27 5.88 10.00 6 .87 8.22 5 .16 7 .27 39 .26 
10.75 10.00 8.90 5.68 13.00 9.00 7 .57 10.00 2 .45 
13.90 10.40 12.00 11.80 14.40 12.10 9 .20 11.90 11.60 
0 . 0 1 3 0 .013 0 .016 0 .014 0 .012 0.011 0 . 0 1 7 0 .011 0 . 0 0 9 
2 .58 2 .67 3 .47 4.71 2 .00 3 .78 4 .22 2 .64 10.33 
0 .39 0 .38 0 .29 0.21 0 .50 0.26 0 .24 0 .38 0 .10 
14.33 5.47 10.40 16.00 8 .70 14.56 10.00 10.73 2 5 . 6 7 
5.55 2.05 3 .00 3 .39 4 .35 3.85 2 .37 4 .07 2 .48 
0 . 0 1 7 0 .009 0 .014 0 .017 0 .015 0 .016 0 . 0 0 9 0 . 0 1 3 0 . 0 4 8 
0 .25 0 .13 0 .17 0.14 0 .27 0.20 0 .10 0 .18 0 .16 
3 3 3 225 216 196 292 238 251 310 52 
• 0.40 • 0.55 0 .55 0.48 
• 0 .57 1.06 
* 0.96 • 0 .90 1.15 0.99 
• 1.23 0 .82 
* 1.10 • 1.23 1.34 1.31 
• 1.58 1.03 
• 1.44 • 1.52 1.66 1.73 
* 2.08 1.55 
• 0.5 • 0.61 0 .79 0.63 



















Table 4 Contd... 
Sampi r GRV32 GRV33 GR1>3 GRD4 G R D l l GRI>12 
77 
GRIMS GRI)23 G R m 6 
Element ratios 
S.I. 42,97 43.56 52.59 51.87 40.79 42.27 44.67 38.83 39.48 
Mg# 
A l j O j / T i O j 
60.11 61.55 67.74 68.16 59.12 58.90 64.39 56.92 56,15 
7.57 10.07 8.29 8.54 11.42 8.43 11.04 10.16 10,6 
C a O / A l j O j 1.00 0.92 1.18 1.13 0.99 1.17 0.99 1.06 1.15 
FeOVMgO 1.18 l . l l 0.85 0.83 1.23 1.24 0.99 1.35 1.39 
MgO/CaO 0.96 0.96 0.73 0.81 0.82 0.89 1.24 0.76 0.78 
CaO/TiOj 7.54 9.29 9.81 9.67 11.32 9.86 10.98 10.73 12.17 
MgO/TiO^ 7.22 8.90 7.13 7.81 9.29 8.73 13.58 8.14 9.48 
T i 0 2 / P 2 0 j 9.94 9.71 16.45 7.74 • 8.93 
• 8.92 
FeOV(FeO'+MgO) 13.20 13.10 13.90 14.90 11.50 12.70 15.40 111.50 12.00 
P2O5/AI2O3 
Y/Nb 
0.013 0.010 0.007 0.015 • 0.013 
* • 0,011 
4.50 1.89 4.60 4.50 8.63 3 .67 4.50 2.91 5.43 
Nb/Y 0.22 0.53 0.22 0.22 0.12 0.27 0.22 0.34 0.18 
Zr/Nb 11.92 5.68 16.27 15.79 16.00 8.44 13.86 6,27 13.21 
Zr/Y 2.65 3.00 3.54 3.51 1.86 2.30 3.08 2.16 2.43 
Zr /Ti02 0.014 0 .013 0.022 0.021 0.019 0.009 0.031 0.018 0.027 
Zr /P ,Oc 0.19 0 .18 0.51 0.22 • 0.12 
* • 0.33 
A J 

















































B e l o w Detect ion L i m i t . 
N o t Ana ly sed . 
S. I . : So l i d i f i ca t ion Index. 
F e O ' as Tota l I ron. 
M g # : (100 M g O / M g O + F e O < ) . 
T a b l e - 8 
Element ratios of Bagdunda volcanics (BAV), 
Jharol belt, Rajasthan, India. 
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Sampl r BAV2 BAV3 BAV4 BAV5 BAV7 BAVIO HAV14 BAV18 
BAV19 
36 56 40 29 38 95 40 37 48 68 43 21 39 70 
57 50 59 54 60 79 59 23 66 90 62 42 59 25 
10 60 11 80 13 96 10 41 11 50 10 67 11 86 
1 04 1 01 1 04 0 92 0 96 0 96 0 91 
1 32 1 21 1 15 1 23 0 88 1 07 1 23 
0 64 0 70 0 75 0 82 1 08 0 84 0 73 
10 99 11 89 14 54 9 57 11 02 10 23 10 82 
7 07 8 30 10 88 7 89 11 87 8 58 7 88 
7 73 7 14 22 75 9 46 15 29 10 00 10 27 
9 20 9 30 10 90 10 70 13 70 n 30 9 90 
0 0 1 2 0 012 0 003 0 010 0 006 0 009 0 008 
2 75 3 22 3 63 2 60 3 83 3 00 2 75 
0 36 0 31 0 28 0 38 0 26 0 33 0 36 
6 67 7 89 7 25 9 80 14 83 9 88 9 50 
2 42 2 45 2 00 3 77 3 87 3 29 3 45 
0 007 0 007 0 006 0 008 0 008 0 007 0 007 
0 053 0 051 0 145 0 075 0 127 0 066 0 069 
211 207 188 284 279 300 308 
• 0 66 « 0 32 0 30 0 28 0 30 
• 1 10 * 1 31 1 48 1 38 1 39 
« 1 06 * 1 49 1 58 1 56 1 47 
• 0 70 • 2 04 2 00 2 22 1 90 
• 0 48 • 0 58 0 56 0 55 0 54 
Element ratios 
S I 40 63 36 67 
Mg# 60 15 55 90 
AI2O3/T1O2 12 84 5 20 
C a O / A l j O j 0 82 0 96 
FeO' /MgO 1 18 1 41 
MgO/CaO 0 88 0 80 
C » 0 / T I 0 2 10 49 4 97 
MgO/TiOj 9 26 3 96 
T i O j / P j O S 5 28 9 38 
FeO' / (FeO'+MgO) 9 80 9 90 
P j O j / A l j O j 0 015 0 021 
Y/Nb 3 57 2 00 
Nb/V 0 28 0 50 
Zr/Nb 13 71 1 1 3 3 
Z r /y 3 84 5 67 
Zr /T iOj 0 010 0 008 
Zr /PzOj 0 053 0 071 
Ti/Y 228 450 
(Ce/SmJN * 1 
|Gd/Yb]N * 2 23 
[Gd/Erjf , * 2 04 
[Sm/Er]N * 2 17 


























BAV21 BAV24 BAV27 BAV33 BAV34 BAV36 BAV37 BAV38 BAV41 
32 94 36 56 41 33 34 36 31 43 32 88 40 13 35 28 39 20 
52 71 57 44 58 76 51 35 48 81 49 27 58 32 54 47 60 14 
10 23 13 85 11 50 8 36 7 98 7 67 11 42 10 63 12 76 
0 80 0 80 1 04 0 85 0 74 0 89 0 92 0 92 0 92 
1 60 1 32 1 25 1 69 1 87 1 83 1 27 1 49 1 18 
0 76 0 83 0 81 0 71 0 80 0 78 0 87 0 76 0 87 
8 17 11 09 11 93 7 10 5 87 6 81 10 51 9 81 11 76 
6 25 9 17 9 70 5 07 4 72 5 28 9 12 7 50 10 20 
8 53 9 60 9 09 10 86 11 64 9 35 11 30 10 18 8 9 1 
9 00 9 80 10 70 8 70 8 70 9 40 11 30 9 40 11 00 
0 Oi l 0 008 0 010 0 Oi l 0 0 1 1 0 014 0 008 0 009 0 009 
3 78 6 50 2 07 3 18 3 90 3 08 3 88 4 00 5 80 
0 26 0 15 0 48 0 3 1 0 26 0 32 0 26 0 25 0 17 
7 78 15 25 3 7 1 9 18 10 40 9 50 7 50 7 25 11 40 
2 06 2 35 1 79 2 89 2 67 3 08 1 94 1 81 1 97 
0 005 0 006 0 005 0 007 0 006 0 007 0 005 0 005 0 006 
0 047 0 061 0 047 0 072 0 074 0 067 0 060 0 053 0 052 
226 221 207 260 251 258 218 210 203 
• 0 28 0 51 0 46 0 45 0 25 0 23 
• 
• 0 92 1 14 1 14 1 46 0 95 0 92 
• 
• 1 13 1 38 1 33 1 56 1 04 1 17 
« 
• 1 33 1 88 1 71 2 09 1 29 1 45 
• 
• 0 3 0 79 0 68 0 88 0 29 0 27 
• 
* . N o t A n a l y s e d 
F c O ' a s T o t a l I r o n 
S I So l i d i f i ca t i on Index 
M g # (100 M g O / M g O + F e O ' ) 
8<> 
Table - 9 
Range of compositional variation and average chemical composition of 
Bagdunda volcanics, Gopir dykes, Gopir volcanics and Jharol 
ultramafics from Jharol belt, Rajasthan, India. 
BAGDUNDA VOLCANICS 




Avg. Mln. M a x . A v { 
JHAROL ULTRAMAFICS 
Mln Max Avg 
Major elements (wt%) 
S i O j 47 1 52 2 49 2 38 2 44 7 42 4 40 5 47 3 43 7 39 3 41 6 40 4 
T I 0 2 0 91 2 25 1 23 1 06 1 81 1 37 0 27 2 I 1 51 0 01 0 14 0 06 
AI203 n 5 13 4 12 5 11 3 15 2 13 07 11 4 13 9 12 78 1 3 6 2 1 
FeO ' 10 05 15 41 12 05 10 95 15 31 13 38 12 51 15 54 14 3 01 9 5 6 13 
MnO 0 13 0 2 0 18 0 14 0 32 0 2 0 15 0 34 0 2 0 01 0 08 0 06 
M g O 7 7 12 7 9 2 10 5 14 4 12 1 8 2 13 4 11 5 36 3 41 5 38 3 
C a O 9 97 12 75 11 43 11 64 17 75 14 37 10 49 17 06 12 69 0 01 0 33 0 12 
N a j O 1 23 4 01 2 34 0 68 1 94 1 29 1 1 3 12 1 75 • • • • 
K j O 0 13 0 9 0 35 0 32 0 52 0 44 0 22 0 85 0 46 * • • • 
P2O5 0 04 0 24 0 13 0 11 0 23 0 16 0 07 0 28 0 16 
• « • * * * 
L O I 0 68 2 31 1 13 0 82 3 1 1 62 0 72 1 96 1 23 9 02 15 67 12 71 
Mg# 48 81 66 9 57 39 56 15 68 16 61 63 50 28 63 73 59 16 87 19 95 87 91 78 
[Fe]% 1 0 6 15 9 12 6 8 8 13 6 11 77 11 2 15 1 12 76 nc nc nc 
(Mg)% 14 5 24 4 19 1 20 8 27 4 23 44 18 1 24 9 22 75 nc nc nc 
T Liq°C 1173 1320 1237 1270 1365 1312 1235 1343 1296 nc nc nc 
Trace elements (ppm) 
V 180 351 253 172 290 216 200 373 255 28 78 50 
Cr 160 710 355 169 1800 670 180 2000 4 8 9 650 4742 2574 
Ni 93 330 172 157 710 364 62 560 221 1159 2912 2027 
Co 42 64 52 33 79 59 37 103 62 56 141 99 
Sc 35 57 48 30 49 38 21 71 51 • « * 
Cu 73 397 2 4 7 193 245 220 176 564 271 • * • 
Ga 15 25 19 17 24 22 16 32 24 « • 
Rb 2 4 3 7 14 11 4 34 11 • * * 
Sr 27 513 180 171 1019 721 96 858 564 • • * 
Ba 11 103 43 8 103 29 11 97 3 8 • • * 
Y 22 39 30 33 76 62 27 52 37 • • • 
Zr 52 170 83 76 244 169 65 203 126 • • • 
Nb 4 15 9 8 22 14 3 23 16 « • • 
Th 0 11 6 1 32 1 72 4 69 3 49 0 13 1 8 0 59 • • • 
U 0 1 0 24 0 15 0 2 1 1 39 0 69 0 1 0 32 0 19 • • 
Ce 4 92 19 72 10 46 24 64 160 8 88 74 10 42 18 92 14 29 • • • 
Nd 6 51 30 03 14 7 9 22 70 17 40 87 6 8 19 94 12 92 • • • 
Sm 1 86 10 78 6 42 3 96 1 7 4 11 36 3 03 8 54 5 32 • * • 
Eu 0 83 2 74 1 96 0 82 3 38 2 31 0 8 4 42 2 32 • • • 
Gd 3 79 10 82 6 86 3 82 15 48 9 96 2 66 9 64 5 9 • « • 
D) 4 52 9 33 6 9 3 89 13 92 9 81 3 32 9 78 6 54 • • • 
Er 2 21 5 58 4 02 2 52 7 43 5 4 2 21 5 58 3 89 • • • 
Yb 2 08 6 53 4 65 2 45 8 3 1 5 75 2 44 6 68 4 57 • • • 
Lu 0 28 0 9 0 61 0 34 0 99 0 71 0 27 0 84 0 56 • • • 
Total REE 28 55 95 51 56 57 51 69 283 74 174 91 34 16 82 78 56 34 • • • 
B e l o w D e t e c t i o n L i m i t 
• N o t A n a l a y s e d 
nc N o t c a l c u l a t e d 
F e O ' a s T o t a l I r o n 
77 
Tabic - 10 
Calculated cation per cent of Goipr volcanics (GRV), Gopir dykes (GRD) and 
Bagdunda volcanlcs (BAV), of Jharol belt, Rajasthan, India. 




































































































































Sample GRV22 GRV24 G R V 2 5 GRV27 GRV28 GRV29 GRV30 GRV31 GRV32 GRV33 G R D 3 GRD4 
Major oxides 
S1O2 38 6 41 4 38 8 42 1 43 2 41 0 41 2 41 9 39 5 40 8 
36 1 35 0 
T i O , 1 3 0 8 1 4 0 9 1 2 1 1 0 2 1 1 1 2 0 9 1 3 1 2 2 
Al- ,0 , 14 4 15 3 13 7 14 5 14 4 15 2 13 1 1 4 2 1 4 2 14 9 16,6 16 4 t i 
FeO' 11 1 11 7 12 0 9 8 11 7 11 0 10 1 11 1 11 4 10 4 8 6 8 8 
MnO 0 1 0 1 0 2 0 1 0 2 0 1 0 1 0 1 0 2 0 1 0 1 0 I 
MgO 15 7 15 2 18 9 15 2 11 9 15 4 1 4 9 15 4 17 3 16 8 18 2 19 1 
CaO 14 6 11 9 12 3 14 1 10 9 13 5 15 1 12 3 12 9 12 5 17 8 16 9 
N a , 0 3 7 2 8 2 1 2 8 5 9 2 0 4 7 3 2 2 8 2 7 1 2 2 4 
0 3 0 7 0 5 0 4 0 4 0 5 0 4 0 5 0 4 0 8 0 0 0 0 
P205 0 2 0 2 0 1 0 1 0 2 0 1 0 1 0 1 0 1 0 1 0 1 0 2 
Sample G R D l l GRD12 G R D 1 5 GRD23 GRD26 BAV2 BAV3 BAV4 BAV5 BAV7 BAVIO BAV14 
Major oxides 
SiO, 41 9 42 0 41 0 41 4 40 8 50 1 46 5 46 9 49 6 44 0 45 5 43 8 
T10-, 0 8 1 0 0 7 0 9 0 8 0 7 1 6 0 8 0 7 0 6 0 9 0 7 2 
A U O , 14 6 12 7 12 8 14 3 13 7 13 8 12 9 13 5 13 3 13 4 1 4 2 13 4 J 3 
FeO' 10 3 11 5 11 0 1 0 9 12 1 8 3 9 8 8 4 8 0 8 5 9 3 8 7 
MnO 0 1 0 2 0 3 0 1 0 2 0 1 0 2 0 2 0 1 0 1 0 I 0 1 
MgO 
CaO 
15 1 16 7 20 1 1 4 6 1 5 6 12 7 12 6 11 4 11 9 13 4 13 7 17 7 
13 2 13 5 11 6 13 7 14 3 1 0 2 11 3 12 7 12 2 12 8 11 9 11 7 
Na20 3 3 1 9 2 2 3 5 1 9 2 9 4 5 5 7 3 7 7 0 3 9 3 4 
0 6 0 5 0 4 0 5 0 6 1 1 0 5 0 3 0 3 0 1 0 4 0 4 2 
P2O5 0 0 0 1 0 0 0 0 0 1 0 1 0 2 0 1 0 1 0 0 0 1 0 1 
BAV18 BAV19 BAV21 BAV24 BAV27 BAV33 BAV34 BAV36 BAV37 BAV38 BAV41 
Major oxides 
S1O5 44 9 45 4 45 9 46 3 48 7 48 8 47 3 45 7 44 4 46 7 44 9 
T iO , 0 8 0 8 0 9 0 7 0 7 1 1 1 2 1 2 0 8 0 8 
0 7 2 
A U O , 14 1 15 0 14 6 14 5 12 6 14 3 14 7 13 9 14 2 13 5 13 5 i 3 
FeO' 8 7 8 7 10 1 9 0 9 4 10 4 11 5 12 5 10 2 10 0 9 1 
MnO 0 1 0 1 0 2 0 1 0 1 0 1 0 2 0 1 0 1 0 2 0 1 
MgO 14 5 12 7 11 4 12 3 13 6 11 1 11 1 12 2 14 4 12 1 13 8 
CaO 12 4 12 5 10 6 10 6 11 9 11 1 9 9 11 3 11 9 11 3 11 4 
NazO 4 0 4 3 5 6 6 0 2 6 2 6 3 5 2 3 3 6 4 8 6 2 
0 4 0 4 0 5 0 4 0 3 0 4 0 7 0 6 0 3 0 4 0 3 
P2O5 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 
F e O ' as T o t a l I r o n 
Table - 11 
Calculated cation per cent of Jharol ultramafics, 
Jharol belt, Rajasthan, India. 
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Sample TPOl TP02 T P 0 3 TP04 T P 0 5 T P 0 6 TP07 
Major oxides 
S i O j 39 2 40 1 37 9 38 9 38 9 38 0 37 8 
T102 00 00 00 00 00 00 00 
A1203 1 8 2 2 2 2 2 7 2 5 2 6 2 1 
FeO< 2 4 4 3 4 4 2 8 4 9 4 9 4 5 
MnO 0 0 0 1 0 1 0 0 0 1 0 0 0 1 
MgO 56 5 53 3 54 9 55 5 53 6 54 3 55 5 
CaO 0 1 0 0 0 5 • 0 0 0 1 0 0 
Sample MEOl ME02 PH23 PH26 C H 0 2 GR02 
Major oxides 
S1O2 38 0 38 4 39 2 38 4 35 8 37 1 
T i O j 0 1 0 0 0 0 0 1 0 1 0 1 
AI2O3 2 8 1 2 I 6 2 4 2 1 3 8 
FeO, 4 2 5 9 5 6 7 5 5 4 5 9 
MnO 0 0 0 0 0 0 0 0 0 0 0 1 
MgO 54 7 54 3 53 2 51 5 56 6 53 0 
CaO 0 0 0 2 0 4 0 0 0 0 0 1 
*:Below Detection Limit 
FeO* as Total Iron 
NajO, KjO & PjOj- Below Detection Limit 
APPENDIXES 
APPENDIX III 
Summary of the available radiometric age data on the rocks of 
Aravalli region. 
S.No. Domain Radiometric age 
(Ma) 
Technique Rock Type Reference 
1. Banded Gneissic 
Complex (BGC) 
3500 Pb/Pb amphibolite and 
biotite gneisses 
Vinogradov et al 
1964 
2500 Rb/Sr Berach granite Crawford 1970 
• 
2600 Rb/Sr Berach granite Chaudhury et al 
1984 
3500 Sm/Nd amphibolite and 
bioUte gneisses 
Macdougal l et al 
1983, 1984 
2950-2600 Rb/Sr Untala and 
Gingle granite 
intrusion 
Chaudhury et al 
1984 
2800 Sm/Nd amphibolites Gopalan et al 1990 
3300 Sm/Nd tonalitic and 
granodiontic 
gneisses 









Sarkar et al 1989 
3. Aravalli 
Supergroup 
2000 Rb/Sr Darwal granite Gopalan 1984 
2600 Sm/Nd basal Arava l l i 
volcanics 
Macdougal l et al 
1984 
1700-1500 Rb/Sr granite 
intrusions 




1700-1500 Rb/Sr granites Volpe and 
Macdougal l 1990 
850-750 Rb/Sr granites Volpe and 
Macdougal l 1990 
1700-1300 Sm/Nd mafic rocks Volpe and 
Macdougal l 1990 
• Recentl), Ahmad and Tarney (1994) proposed an Archaean age for the basal A rava lh volcanics based on 
geochemical s imi lan l \ between the basal Aravall i volcanics and the d>kes present within the B G C which 
have been dated by Gopalan el al (1990) to be 2800 M a 
9 2 
APPENDIX III 
Element concentrations (ppm) in (CI) chondrite, primitive mantle and 












Ce 0.612 Rb 0.635 0.56 
Nd 0.467 Ba 6.989 6.30 
Sm 0.153 K 250 600 
Eu 0.058 Nb 0.713 2.33 
Gd 0.2055 Ce 1.775 7.50 
Dy 0.2540 Sr 21.1 ' 90 
Er 0.1655 Nd 1.354 7.30 
Yb 0.170 P 90 510 
Lu 0.0254 Zr 11.2 74 
Ti 1300 7600 
Y 4.55 28 
Yb 0.493 3.05 
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APPENDIX III 
Effects of Deep-sea alteration and low-grade metamorphisni on element 
mobilities in young volcanic rocks (after Condie 1976). 
Enrichment Little or no change Depletion 
Fe5+ K, Cs, Rb, Ti, Y, Zr, Zn, Cr, Si, Ca 
H2O, total Fe V, Sr, So, Hf, Co, Al. Mg 
Nb, REE, Ni 
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APPENDIX III 
Trace elements behaviour during partial melting and 
fractional crystallization (after Ahmad 1994). 
Distribution Cofficient (Kd) : When a mineral is in chemical equilibirium with a melt, 
elements are partitioned between the mineral and melt or two phases according to 
their chemical activity in each. Since the trace elements have very low concentration 
in both (mineral and melt) application of Henry's law lead to the relationship Kd 
(Distribution Coefficient) = concentration in mineral/concentration in melt. 
Since in any rock more than one mineral is present and each of these mineral may have 
different Kd's which together is called as bulk distribution coeffficient denoted as D 
(D=01 frac. x Kd 01 + Opx frac. x Kd Opx + Cpx frac. x Kd Cpx .etc ). 
The value of D is dependent on the composition, temperature and pressure of the 
mineral-melt system which is well illustrated in figure (40). When D<1 the element 
is called as incompatible, e.g., LREE, Nb, Zr etc. during mantle melting, and when 
D>1 it is called compatible element, e.g., Ni, Cr etc. during mantle melting (Figure-
41). 
Batch melting equation (Schilling, 1966). 
Cl/Co = 1/[D(1-F)+F] 
Where CI = concentration of the element in the melt; Co = initial concentration of the 
element in the source; F = fraction of melting and D = bulk distribution coefficient. 
During partial melting there are the following possibilities : 
(1)D=0, (2) D=1 and (3)D>1 
#(1) When D=0 (highly incompatible element) 
Cl/Co = 1/0 + F = 1/F, so CI = Co/F 
e.g., LREE, Nb, Zr etc. These elements will get concentrated in the melt, and they 
92 
are very useful for understanding various degree of melting of the source. 
#(2) When D = 1 (very rare case). 
Cl/Co= 1/D(1-1)+F=1-F+F=1 
s o , C I = C o e . g . K d E u K - f d s / A c i d i c Me l t = 1 . 1 
On melting the concentration of the element in the melt and source will be same. 
These cases are rare and not very useful in petrogenesis. 








Example:- For an incompatible element especially during varying extents of batch 
melting; 
Cl=Co/F, if Co=20 ppm. 
For 10% melting Cl=20/0.1=200 ppm. 
For 50% melting Cl=20/0.5=40 ppm. 
So by varying extents of melting, large variation is expected for incompatible trace 
elements. 
Example:- For a compatible element during batch melting, e.g., Ni (especially at 
lower extents of melting); 
If Co=2000 ppm in mantle and D=10 






€1=2000/9.55=209 ppm in melt. 
For 10% melting (F=0.1) 
Cl/Co=l/10(.9)+.l 
Cl/Co=9+. 1=9.1 
Cl=2000/9.1=220 ppm in melt. 
So we do not except any large variation in compatible elements by varying degrees 
of partial melting. 
Fractional crystallization equation (Neumann et al. 1954) 
Cl/Co = pD-i 
Where Co is concentration of the Element in the parental melt, CI is the concentration 
of the element in the derived melt, F is the fraction of melt left and D is the bulk 
distribution coefficient for the minerals settling out. 
Various possibilities : 
#(1) When D=0 (Highly incompatible element) 
C1/CO=FD-i = FO-1 = F> = 1/F 
so, CI = Co/F 
Example:- If 10% fractional crystallization occurs and if Co=20 ppm. 
Cl=20/0.9=22 ppm in the derivative melt. 
So by fractional crystallization the concentration of incompatible elements in the 
derivative melt does not change much, relative to the parental melt, i.e., in the above 
example from 20 ppm to 22 ppm. 
#(2) When D>1 (Compatible element). 
Example:- IfD=10(e.g., Ni), Co=200 ppm and 10% fractional crystallization. 
C1/CO=FD-1 = F^O-l = Qg9 = 0.35 
so, Cl=Co X .35 = 200 x .35 = 70 ppm Ni in the derivative melt. 
Thus, for compatible element even 10% fractional crystallization causes severe 
97 
depletion in the derivative melt, in the above case from 200 ppm to 70 ppm Ni. 
Conclusions : In a suite of congenetic rocks large variation in incompatible elements 
probably indicates influence of varying degree of partial melting, whereas variation 
in compatible elements probably indicates variation in the degree of fractionation or 
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Abstract: The deep water Jharol sediments of Aravalli Supergroup host sporadic bodies of mafic-ultramaric 
rocks Field evidence suggests that at least some of these rocks are extrusive in nature Low to medium grade 
metamorphism and intense deformation has obliterated the onginal mineralogy and texture of these rocks 
The ultramafic rocks are relatively more altered (serpentmizcd) with highly disturbed geochemical 
composition which cannot be used for petrogenctic interpretations On the other hand, the mafic rocks arc 
relatively less altered with some relict plagioclase feldpars Geochemically, these mafic volcanics are Mg-
and Fe- rich tholeiites 
These tholeiites have nearly flat to slightly ennched REE patterns (about 30 to 40x chondnte La and 20 
to 25x Chondnte Yb), with (LaAT>)^ ratio ranging between 1 29 and 1 54 and (GdA'b),,, ratio ranging 
between 0 97 and 1 07 All samples show slight to strong positive Eu anomaly 
Immobile incompatible-element geochemical patterns and other binary plots suggest that these tholeiites 
have ennched chemistry and that probably they have been denved from ennched source(s) and resemble 
closely with within plate and initial nft tholeiites 
Trace elements, including REE based petrogenetic modelling indicate that (a) the source had about 3x 
chondontic REE abundances with nearly flat to slightly depleted pattem and (b) that these rocks were 
generated by about 8 to 12% partial melting of the modelled source followed by some olivine and 
clinopyroxene fractionation Field as well as trace element charactenstics indicate nft related (lithosphenc 
extension) generation of these basalts with some influence of asthenosphere (deep mantle) on the lithosphenc 
source(s) as indicated by positive Nb and Sr anomalies 
Keywords: Geochemistry, Jharol mafics, Ara\ alli Supergroup, Proterozoic volcanism, Rajasthan 
I N T R O D U C T I O N Supergroup along with sporadic occurrences of 
mafic and ultramafic rocks. This belt has a 
The Proterozoic sequences o f the Indian unique position in the geological setting of 
shield are well developed in its northwestern Aravall i-Delhi mountain belt because amongst 
part where they constitute one of the oldest all the early Proterozoic basins o f this region, 
orogenic belts represented by the Araval l i - only the Jharol belt hosts a thick package of 
Delhi mountain belt The evolutionary history deep water sediments. I n s o m e mode l s 
of this great belt has been in debate for a long (Sychantha\ ong and Desai, 1977; Sen, 1981; 
time. Several models involving W i l son cycle Sinha-Roy, 1988) the mafic-ultramafic rocks 
(e.g Sinha-Roy, 1988) to resurgent rifting of Jharol belt have been considered as part of 
(Roy, 1988, 1990) have been proposed. H o w - the obducted oceanic crust, although the geo-
ever, all the models overlooked the signifi- chemical study of these rocks has never been 
cance of mafic volcanics which show a very attempted earlier. Here we describe the results 
good distribution in time and space. Amongs t of our preliminary geochemical investigation 
the early Proterozoic belts of this region, the on these mafic and ultramafic rocks and discuss 
Jharol belt constitutes an extensive series of their source characteristics and tectonics of 
deep water meta sed iment s o f A r a v a l l i eruption. 
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G E O L O G I C A L F R A M E W O R K 
The Araval l i mountain belt, consists prin-
cipally o f three tectonostratigraphic units and 
host a number of granitic, mafic and ultramafic 
bodies The oldest unit is the Banded Gneiss ic 
Complex ( B G C , 3300 m y. - 2500 m y.) which 
serves as the basement for Proterozo ic 
supracrustal rocks of Araval l i (2500 m y . -
1900 m y.) and Delhi ( 1 9 0 0 m y - 1500 m y . ) 
Supergroups The supracrustal rocks o f Araval l i 
Supergroupoccur indifferent linear belts within 
the B G C 
A m o n g the Araval l i belts, one of the best 
studied belt is the Udaipur-Jharol belt which 
may be considered as the type area of the early 
Proterozoic linear basins which overlie the 
B G C . It is developed in an inverted " V " shaped 
belt with tapering end near Nathdwara Th i s 
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Fig. l . (A) Map of India, (B) Geological map of Arav alli mountain bell, showing distnbulion of Precambnan rocks (after Deb 
and Sarkar, 1990), (C) Simplified geological map of Jharol basin, showing the occurrcncc of volcanic rocks (after Roy el 
al 1988) 
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lithofacics associations, i.e. sand-shale-carbon-
ate assemblage representing a shelf sequence 
and carbonate free shald sequence with thin 
bands of arenite representing a deep sea se-
quence (Roy and Paliwal, 1981). The shelf 
sequence constitutes the'Udaipur belt which 
passes through Udaipur city of Rajasthan. The 
deep water sequence constitutes the Jharol belt 
occurring westward of the Aravalli belt (Fig. 1). 
The Udaipur and Jharol belts, which are the 
two segments of a single basin show similar 
tectonic trends anddeformational history. Gen-
erally the rocks have been metamorphosed up 
to the grade of greenschist facies. 
The rocks of Jharol Group include phyllite, 
micaschist, sheared amphibolites, thin persis-
tent quartzite bands and a number of thin 
conformable bands of mafic-ultramafic rocks. 
Although deep water sediments constitute the 
Jharol belt, its basal stratigraphy has close 
resemblance with the basal formation of Aravalli 
belt of Udaipur area. Sharma etal. (1988) have 
reported an inlier of BGC within the Jharol belt 
near Bagdunda. Similar to the shelf facies 
sequence here also the succession starts with 
clean washed quartzite with intercalated 
metavolcanic rocks (Sharma et al. 1988). The 
extrusive nature of these rocks is attested by the 
presence of deformed vesicles and amygdules. 
Near the margin with Aravalli belt, there exists 
a N-S trending linear zone of mafic and ultra-
mafic rocks associated with quartzite bands. 
This linear zone has been referred to by some 
workers as Rakhabdev lineament, presumed to 
be a paleosuture (Sinha-Roy, 1988). The mafic-
ultramafic bodies are also found as conform-
able bands within deep water Jharol facies 
between north of Gogunda to south of Jharol. 
At places these rocks are intercalated with 
quartzite bands. The intercalation of these 
rocks with quartzite suggest that at least some 
components of these rocks may be extrusive in 
nature. Although the relationship between vari-
ous units of Jharol belt is not very much clear 
the mafic volcanics which are intercalated with 
quartzites, and occur in direct contact with 
domal basement gneisses around Bagdunda, 
are considered to be older. These basal Jharol 
volcanics are referred to herein as the Bagdunda 
volcanics (BDV). Another mafic rocks unit, 
which occurs in association with ultramafic 
rocks within deep water metasediments in Jharol 
Group, appears to be relatively younger than 
Bagdunda volcanics. These ultramafic and 
mafic rocks are referred to in the text as Jharol 
iiltramafics and Jharol volcanics (JHV) respec-
tively. Jharol volcanics are best exposed around 
the Gopir village. 
Majority of the samples of Jharol mafic-
ultramafic belt are composed of secondary 
minerals such as serpentine, hornblende, ac-
tinolite-tremolite, chlorite, calcite, sphene, 
zoisite, palagonite, talc, plagioclase and quartz. 
The ulu-amafic rocks consist mainly of serpen-
tine and talc. Magnetite is a common accessory 
mineral. The mafic unit contains more than 
50% hornblende in addition to plagioclase and 
some possible relict clinophyroxene. Bagdunda 
mafics have a fresher appearance than Jharol 
mafics with more primary features. 
GEOCHEMISTRY 
Analytical Procedure 
Geochemical analyses were carried out at 
W.I.H.G., Dehradun, using X-ray Flourescence 
Spectrometry (XRF) and Inductively Coupled 
Plasma Atomic Emission Spectroscopy (ICP-
AES) technique. For the mafic samples, all the 
major oxides and the trace elements Cu, Zr, Ga, 
Th, Pb, Ni, Rb, Zn, and Sr were determined by 
XRF. Thie elements Ba, Cr, Co, V, Y, Nb, Sc 
and MnO were analysed by ICP. For ultramafic 
samples SiOj was analysed by XRF and rest of 
the major elements and the trace elements Ni, 
Cr, Co, and V were analysed by ICP. The rare 
earth elements (REE), were separated from 
other (major and trace) elements using chro-
matographic columns following the methods 
of Walsh et ai. (1981). The separated REE 
were analysed using ICP-AES. The precision 
coefficient of variation and detection limits for 
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various oxides and elements are same as de-




Jharol Ultramaric Rocks 
The ultramafic samples of Jharol Group are 
characterized by high MgO (36.6 to 39.5%) 
andlowconcentrationsofSiOj(39.3to41.6%), 
AljO, (1.6 to 3.6%), CaO (0.01 to 0.53%), TiO, 
(0.01 to 0. ] 4%), Nap, KjO and P^ O, (all below 
detection limit). The Mg numbers (lOOMgO/ 
MgO + FeO) are higher than 70 which is 
considered to be characteristic of cumulate 
bearing mafic-ultramafic rocks. The high val-
ues of Mg number and MgO contents and low 
TiOj and Al^ O^  contents are the features which 
suggest that these ultramafic rocks have either 
formed by a high degree of partial melting of a 
mantle source or have included some extra 
olivine crystals as cumulates. The CaO/AljO^  
ratio is too low (avg. 0.07) and MgO/Al^ Oj 
ratio is too high (avg. 19.88). These features 
preclude their classification as komatiites. 
When various oxides of Jharol ultramafics 
are plotted against less mobile or immobile 
elements, such as TjOJ, Ni and Cr (not shown 
here), they show a large scatter suggesting 
large scale mobility of elements during post 
crystallization perio'd, a feature that is also 
evidenced from their mineralogy and high 
values of L.O.I. (Table.!). Due to highly altered 
nature and lack of incompatible trace elements 
and REE data, these ultramafic rocks are not 
considered for any further petrogenetic discus-
sions. These rocks were not analysed for in-
compatible trace elements, such as high field 
strength elements (HFSE) and REE because 
the concentration of these elements are likely to 
be very low and this is evidenced from the 
analyses of incompatible elements such as TiO^  
(very low), K^ O, Na^ O and P^ Oj, which are 
found to be below detection limits. Therefore, 
from Jharol belt only the mafic units are sub-
jected for further detailed study. 
Mafic Volcanic Rocks 
The chemical analyses of Bagdunda and 
Jharol volcanic rocks are listed in Table.IL It is 
Tabic I. Major (wt%) and trace (ppm) element concentrations of Jharol ultramafics T1-T7 around Jhameshwaijee temple, 
ME1-ME2 from Modn, Ph23-Ph26 from Phutiya, CH2 from Chali and G2 from Gopir 
Sam-
ple No 
T1 T2 T3 T4 T5 T6 T7 MEl ME2 Ph23 Ph26 CH2 G2 
SiOj 40 8 40 9 40 9 40 5 40 4 40 5 40 5 39 3 39 3 40 6 40 6 39 3 41 6 
TiO, 0 03 0 0 1 0 05 004 0 05 0 03 0 05 0 13 0 05 0 03 0 14 009 0 09 
A " A 1 6 1 9 2 0 2 4 2 2 2 4 1 9 2 5 1 0 1 4 2 2 2 0 3 6 
FeO 3 01 5 27 5 70 3 50 6 13 6 29 5 80 5 26 7 25 6 94 9 50 7 10 7 96 
MgO 39 2 36 3 39 5 38 5 37 1 38 6 39 6 37 7 36 9 36 8 36 3 41 5 39 6 
CaO 0 08 0 04 0 53 - 0 03 0 07 0 0 1 0 02 0 16 0 35 0 0 1 0 02 0 12 
MnO 0 05 0 08 0 08 0 0 6 0 07 0 05 0 07 0 03 004 0 06 0 06 001 0 07 
K , 0 - - - - - - - - - - - - -
Na,0 - - - - - - - - - - - -
P,0 , - - - - - - - - - - - - -
L O l 12 93 11 93 12 60 1241 11 88 12 42 12 47 1241 14 70 15 67 13 19 10 58 9.02 
Toml 97 70 96 43 101 36 97 41 97 86 100 36 100 40 97 35 99 40 101 85 102 00 100 60 102 06 
Trace elements m ppm 
Ni 2344 1883 1650 1862 2246 1963 2060 2004 2192 2135 2912 1943 1159 
Co 56 91 99 58 96 104 89 92 108 105 141 107 136 
Cr 650 2370 2610 1289 2505 4678 4742 1555 3266 1954 4639 1748 1452 
V 28 37 45 42 50 53 46 51 30 41 55 54 78 
• Below Detection limit 
L 0 1 Determined at 1000°C 
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Tabic 11. Major (wt%), trace (ppni) and rare earth (ppm) element concentrations of Jharol volcBnics (JHV G3-G7) and 
Sample No G3 G4 G5 G6 G7 BA2 BA3 BA4 BA5 
SiOj 38 5 38 3 45 1 44 0 42 3 52 2 49 5 50 5 41 8 
A i p , 15 0 152 114 134 139 122 117 12 3 118 
T.O, 1 81 1 78 1 49 2 10 1 70 0 95 2 25 1 16 1 00 
FeO 10 95 11 57 12 78 1251 13 93 10 39 1251 10 80 10 05 
MgO 129 139 12 6 11 9 120 8 8 8 9 8 2 8 3 
CaO 17 75 17 21 12 75 12 67 12 39 9 97 11 18 12 75 11 89 
Na^O 0 68 1 33 1 39 1 92 2 09 1 57 2 46 3 18 199 
K,0 - - 0 66 0 85 0 9 6 0 90 0 40 0 25 0 26 
MnO 0 1 7 0 17 0 33 0 33 0 34 0 17 0 19 0 20 0 1 8 
PA O i l 0 23 0 17 0 18 0 23 0 1 8 0 24 0 15 0 14 
L O I 3 10 3 00 1 66 I 51 1 52 231 1 79 2 0 1 1 98 
Total 100 97 102 59 99 35 101 37 101 36 99 64 101 12 101 50 99 93 
Trace elements in ppm 
V 172 180 228 237 326 272 261 351 304 
Cr 173 169 359 590 431 418 291 284 325 
Ni 157 163 171 245 233 169 171 222 160 
Zn 62 94 69 181 197 143 124 117 143 
Ga 23 19 24 29 28 24 22 25 19 
Rb - - 8 10 11 4 - 3 -
Sr 966 856 359 616 603 164 513 108 115 
Y 69 63 38 42 51 25 30 33 29 
Zr 244 221 144 203 185 96 170 80 71 
Nb 15 14 21 22 23 7 15 12 9 
Ga 10 8 28 31 33 59 32 26 54 
Co 33 35 65 63 71 44 56 51 52 
Th 18 16 1 - - 5 6 - 4 
Pb 17 36 38 53 50 20 - 16 5 
So 30 32 52 71 60 49 41 57 52 
Cu 204 193 313 299 283 120 144 219 73 
La * * 6 56 864 7 87 * 8 05 * 2 68 
Ce « » 13 01 18 80 17 57 * 19 72 * 4 92 
Nd * 11 24 14 69 12 02 * 17 23 * 651 
Sn * * 3 03 3 99 3 40 * 4 4 4 * 1 86 
Eu * * 1 32 164 1 85 * 1 82 * 0 83 
Gd « •r 4 32 5 22 5 n * 5 60 * 3 79 
Tb * * 0 99 0 79 0 78 * 0 60 • 0 4 0 
Dy • * 5 98 6 82 6 57 * 5 09 * 4 52 
Ho * • 1 36 1 35 141 * 0 86 • 0 79 
Er • « 3 81 3 99 4 22 * 221 * 2 87 
Yb • • 3 54 4 03 4 37 * 2 08 * 2 84 
Lu * • 0 52 0 52 0 57 * 0 28 * 041 
XREE • « 55 67 70 48 65 74 * 67 98 * 32 42 
L O I 
Below Detecuon Limit 
Not analysed for REE 
Determined at 1000°C 
evident from the table, that JHV have higher 
val ues of Mg number than those of BDV, which 
indicate that JHV either represent higher de-
grees of partial melting or the former are less 
JOUR GEOL SOC INDIA,VOL 44,AUG 1994 
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fractionated compared to the latter in case they 
are derived from same/similar parental melt. 
Their less fractionated nature is also reflected 
by transition elements such as Ni, Cr and Co. 
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Other than these differences, the overall major 
and trace element concentrations of these two 
volcanic suites are almost similar. 
Chondrite-normalized REE patterns of the 
representative samples of BDV and JHV are 
shown in Fig.2. All the samples of JHV show 
rm Sn tv Ik Or N* tr Ik Iv 
Fig.2. Chondnte normalized REE abundance in Jharol and 
Bagdunda volcanics Nomalizing values after Sun and 
McDonough(1989) 
flat to slightly enriched REE pattern (about 30-
40x chondnte La and 20-25x chondnte 
YB). Among all the samples of JHV sample G7 
shows a positive Eu anomaly. The total REE of 
BDV ranges from 32.42 ppm to 67.98 ppm. 
Their chondrite-normalized pattern changes 
from LREE enriched in sample BA3 (about 
35x chondnte La; and ] 6x hondrite Yb) to 
LREE depleted in sample BA5 (about llx 
chondrite La; and 16x chondrite Yb). Such 
depletion of LREE may be due to alteration or 
it may be due to the influence of asthenospheric 
(N-type MORB) source which gave rise to such 
depleted pattern. This can be clarified only if 
more samples from this area are analysed for 
their REE and other trace elements concentra-
tions. 
EFFECTS OF ALTERATION 
The mafic rocks of Jharol belt, in general 
have been affected by low grade regional meta-
morphism and intense deformation and there-
fore major compositional changes are likely. A 
number of diagrams and other parameters are 
used for determination of compositional 
changes due to alteration. The alteration index 
(A. L of Hashiguchi et al. 1983; A. L = 
MgO+KjO/MgO+KjO+Nap+CaOxlOO) val-
ues of Jharol volcanics are within the range of 
unaltered rocks (JHV=49- 56;BDV=43-53). 
The processes such as chloritjzation and 
sericitization produce high (>50) and 
albitization produces lower (<30) A. L values. 
In Ca0/Al203 - MgO/10 - SiO/100 ternary 
diagram (Schweitzer and Kroner, 1985), all 
the analysed samples of JHV and BDV plot in 
the field of unaltered basalts (Fig.3). 
SlOjMOO 
Fig.3. CaO/AljOj-MgO/lO-SiOj/lOO ternary vanalion 
diagram (after Schweitzer and Kroner 1985) of Jharol 
and Bagdunda volcanics, here all of the samples plot in 
the field of unaltered rocks 
Although some major elements ofBDV and 
JHV may have their primary concentrations, 
most of them are unlikely to reflect abundances 
at their eruption. Therefore, no reliance 
placed on major elements in the inteipretations 
of petrogenesis and tectonics of eruption. Our 
interpretations rely in preference on the minor, 
trace and rare earth elements which are consid-
ered immobile or less mobile. The chemical 
evidence deduced from major elements are 
confirmed by immobile elements before reach-
ing any conclusion. 
JOUR GEOL SOC INDIA.VOL 44,AUG 1994 
GEOCHEMISTRY OF PROTEROZOIC MAFIC ROCKS 147 
MAGMA TYPE 
In AFM (A = NHJO+K^O, F = Total iron as 
FeO, M = MgO) ternary diagram the data of 
both JHV and BDV plot above the demarcating 
line suggesting their tholeiitic nature with the 
BDV being more iron enriched (Fig.4A). Since 
this diagram is based only on major element 
concentrations, we have used another classifi-
cation scheme which is based on immobile 
trace elements Y+Zr - TiOjX 100 - Cr (Davies et 
al. 1979). In this diagram, all the samples of 
JHV and RDV follow the magnesian-tholeiitic 
trend (Fig.4B). The analyses of these volcanic 
rocks are also plotted in a manner as proposed 
by Jensen (1976). It is significant to note that 
both BDV and JHV appear in this diagram as 
high Mg rocks (Fig.4C). However, basaltic 
komatite affinity is pronounced in JHV samples. 
The range of NbAT ratio (0.22-0.55) is also 
typical of subralkaline magmatic series which 
exhibits Nb/Y<l. 
G E O C H E M I C A L 
C H A R A C T E R I Z A T I O N F O R 
T E C T O N I C S E T T I N G 
The TiOj-PjOj, TiO -^Zr, Cr-Y and Zr-Ti-Y 
discrimination diagrams (5a-d), suggest an 
oceanic basalt (MORB) affinity of these rocks. 
However, this affinity is not in accordance with 
pie field geological data such as intercalation of 
these volcanics with quartzites which is not 
expected at the mid-ocean ridges. Further-
more, we have observed that the Proterozoic 
rift related continental basalts of Indian shield 
when plotted in these diagrams, plot in the 
MOi<B field, even when diagrams are based on 
immobile element criteria (Raza, 1981; Raza 
and Khan, 1993). Similar observations have 
been made on these discrimination diagrams 
based on many recent studies where well estab-
lished and studied continental flood basalts do 
not plot in the expected within-plate fields 
(Holm, 1982; Wang and Glover. 1992). These 
observations put severe limitations on the use 
Fig.4. Triangular plots (A) A (NOjO + K^O) - F (FeCT)-
M(MgO), Compositional variation line after Irvine and 
Baragar (1971). (B) Zr+Y-TiO,x 100-Cr (Davies et al. 
1979) and (C) Cation per cent Al-Fe+Ti-Mg (Jensen, 
1976) for the Jharol and Bagdunda volcanics. 
of such discrimination diagrams particularly 
for basalts erupting in within continental plate 
environment. 
To identify the tectonic setting of Jharol 
volcanics more objectively we have used sev-
eral multi-element spidergrams which provide 
an effective means of comparing ancient and 
modem lavas (Pearce, 1982; Holm, 1985). In 
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Fig^ . Binary plots (A) TiOjVsPjO, (Ridley era/. 1974),(B)ZrvsTiOj(Pearce, 1982).(C) Y vsCr(Pearce, 1982)and(D) 
Zr-Ti/100-Yx3 (Pearce and Cann, 1973) for Jharol and Bagdunda volcanics. 
these diagrams (Figs.6 and 7) the BDV and 
JHV show a close affinity with within plate and 
initial rift tholeiites. 
The obvious conclusion from multi-ele-
ment geochemical patterns is very likely to be 
correct one because this method involves all the 
immobile incompatible elements simulta-
neously to distinguish the tectonic setting. The 
apparent MORB affinity of these volcanics in 
various discrimination diagrams (Fig.5) as dis-
cussed in previous paragraphs seems to be 
incorrect. However it has been observed that 
some suites of continental tholeiite may plot in 
the MORB field in various variation diagrams 
and may contain high Nb (Dupuy and Dostal, 
1984; Wamg and Glover, 1992). 
S O U R C E C H A R A C T E R I S T I C S 
In multi-element diagrams as discussed 
above, the samples of JHV and BDV show 
general enrichment of LILE and LREE relative 
to the primitive mantle (PM) and MORB and 
show a continental basalt signature in their 
chemistry. The enriched nature is considered to 
be a characteristic feature of continental basalts 
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Fig.6. (A) MORB-normalized multi element patterns for Jharol and Bagdunda volcanics. Normalizing v^ues after Sun and 
McDonough (1989). (B) Compared with various tectonic settings i.e., basal Aravalli volcanics (Filled Triangle, Raza and 
Khan, 1993) within plate basalt (Open triangle. Snake river, Thompson et at 1983), initial rift tholeiites (Cross, Holm, 
1985), back arc basin basalt (Filled Circle, Saunders and Tamey, 1984) and island arc basalts (Open Circle, South 
Sandwich island arc. Luff, 1982). Normalizing values after Pearce (1982). 
which has been ascribed by different authors to 
either crustal contamination (Dupuy and Dostal, 
1984; Amdt and Jenner, 1986) or by their 
derivation from an enriched mantle source 
(Weaver and Tarney, 1983). The plots of Ce-
Nd, Zr-Nb, Zr-Ce and Zr-Y clearly depict the 
enriched nature of both JHV and BDV (Fig.8). 
However, it is possible to generate enriched 
melt by very low extent of melting of primitive 
or even depleted mantle sources (Fitton and 
Dunlop, 1985; Ahmed and Tamey, 1993). To 
explain the observed enrichment of these rocks 
we have assessed the applicability of either 
crustal contamination or mantle metasoma-
tism by using incompatible element ratioratio 
plots of Y/Nb versus TsPi (Fig.9; Ahmad and 
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Rb Bo 
rig.7. (A) Pnmordial mantle normalized incompatible element patterns for Jharol and Bagdunda volcanics Normalizing 
values after Sun and McDonough (1989) (B) Compared with basal Aiavalli volcanics (Filled Circle, Raza and Khan, 
1993), continental back arc basalts (Cross), oceanic back arc basalts (Filled Tnangle), iniual nft tholeiite (Open Circle), 
continental tholeiites (Open Tnangle) and contaminated basaltic rocks (Star), Holm (1985) Normalizing values after 
V/ood eial (1979) 
Tamey, 1993). The basic idea here is that 
mantle metasomatism will enhance the Zr/Y 
ratios and lower the Y/Nb ratios, since Zr and 
Nb are more incompalible than Y. In this 
diagram, the position of PM is also shown 
which plots in un- or Jeast-enriched portion of 
the diagram. The probable mixing line between 
the primitive mantle and probable crustal con-
taminant is also shown. If the samples of JHV 
and BDV were generated from a primitive or 
depleted mantle source and subsequently got 
enriched due to crustal contamination, it is 
expected that they will plot on or closer to the 
probable crust-mantle mixing line shown in 
Fig.9. However, these rocks plot far away from 
mixing line and plot parallel to enrichment 
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Fig.9. Binary ratio-ratio plots of Y/Nb vs ZrA' for Jharol and Bagdunda volcanics, indicating their derivation from enriched 
source(s) rather than contamination of their parental melts by crustal components, Out lines for Aravalli komatiitic and 
tholeiitic rocks of Nathdwara (Ahmad and Tamey, 1993) are shown for comparison 
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trend expected for mantle sources, if they un-
dergo mantle metasomatism. This feature sug-
gests the derivation of these rocks from partial 
melting of mantle sources much enriched rela-
tive to primitive mantle. This interpretation is 
also confirmed by Ce-Nd plot (Fig.Sa) in which 
JHV and BDV plot along a line intersecting the 
origin. Mantle derived melts which had suf-
fered crustal contamination would plot along 
the line intersecting the Nd axis and not the 
origin (Horan etalA 987). The uncontaminated 
nature of these volcanics is also evidenced by 
positive Nb anomaly in MORB and PM nor-
malized spidergrams because all likely con-
taminants have large negative Nb anomalies 
(Weaver and Tarney, 1983). 
The REE patterns of three samples of JHV 
are remarkably similar. However, the relation-
ship between Mg number and REE concentra-
tion is not observed. The parallel REE patterns 
and the weak relationship between their Mg 
numbers and REE contents suggest that, these 
samples could be related to fractionation of 
predominantly clinopyroxene, titanomagnetite 
and/or separation of sulphide phase from pa-
rental melts derived from different extents of 
melting of uniformally eruiched source(s) (Bhat 
and Ahmad, 1990). The remaining possibility 
is that they have been derived from the melts 
generated by different degrees of partial melt-
ing of mantle sources with variable chemistry 
or in other words, a heterogeneous mantle 
source(s) with each magma phase undergoing 
fractionation independently. 
To evaluate this possibility, we have calcu-
lated the REE composition of the source for 
sample G5 which appears to be the most primi-
tive sample among those of JHV (Mg No.65). 
Its major and trace elements composition ap-
pear to be in agreement with its low REE 
abundances. The calculation of the source was 
done based on Ti, Y and La contents of sample 
G5 and Ce-Nd relationship (Fig.8a) where it 
falls in the range of the chondrite ratio. By 
using the equation Cl/Co = 1/F, when D=0 
(Hanson, 1980), (where D-bulk distribution 
coefficient; CI-concentration of the element in 
the melt; Co-initial concentration of the ele-
ment in the source; F-fraction of melt), we 
calculated that sample G5 represents about 
12% partial melting. A similar extent of partial 
melting can be inferred based on its TiO^  
content (1.49%) if 1.5% TiO^  represents about 
15% melting (Sun et al. 1979). The REE 
patterns for 8, 10, 12 and 20 per cents melting 
of modelled source were calculated using the 
batch melting equation and Kd values of Hanson 
(1980) and assuming a Lherzolite mantle source 
consisting originally of 55% olivine, 25% 
orthopyroxene and 20% clinopyroxene, leav-
ing a residual mineralogy of 60% olivine, 25% 
orthopyroxene and 15% clinopyroxene at 12% 
partial melting of the model source. The as-
sumed melting proportion of 20% olivine, 25% 
orthopyroxene and 55% clinopyroxene (after 
Hason, 1980), was used for calculation. 
The REE patterns for 20%, 12%, 10% and 
8% melting of model source are shown in 
Fig. 10. It is evident that the calculated patterns 
for 8% and 10% melting match very well with 
those of samples G6 and G7 (Fig. 10). The 
calculations indicate that most of the samples 
can be generated from similar source(s) by 
varying degrees of melting and subsequent 
fractional crystallization. 
At 20% melting the Ce/Sm ratio is 0.985 
(Fig. 10), which shows that with further in-
crease in the extent of melting of the modelled 
source, more depleted patterns will be gener-
ated. This makes the REE analysis for the 
associated ultramafic rocks a very difficult task 
because they are expected to be generated by 
very high degrees of melting giving rise to very 
low REE and other incompatible element con-
centrations. 
T E C T O N I C I M P L I C A T I O N 
The plots of JHV and BDV on different 
discrimination diagrams based on major ele-
ments as well as immobile trace elements sug-
gest their close affinity with MORB (Fig.5). 
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The MORE and PM - normalized multi-ele-
ment ratio patterns (Figs.6 and 7) and also 
other binary plots (Figs.8 and 9) show that both 
BDV and JHV have enriched chemistry and 
that probably they have been derived from 
enriched source(s) and resemble closely with 
within-plate and initial rift tholeiites. BDV are 
intercalated with shallow water quartzitic beds 
and overlie uncor^ ormably on BGC basement, 
the JHV occur within a thick column of 
metasediments, mainly mica schists, however, 
they are locally intercalated with quartzite 
bands. In modem island arcs and marginal 
continental settings, marine sediments are fre-
quently intercalated with the volcanic prod-
ucts. However, Jharol volcanic rocks, having 
intercalation with both shallow and deep water 
facies sediments and possibly situated near an 
Archaean continental mass (Roy, 1988), do not 
show any subduction zone signature in their 
chemistry. Its chemical characteristics can best 
be explained by extensional tectonics where 
sub-continental lithosphere extension caused 
attenuation of continental crust and develop-
ment of marginal basin which could not fully 
develop to ocean stage. Thus mafic volcanics 
which erupted show some of their chemical 
characteristicscloselysimilarto those of basalts 
which erupt in within plate environment dur-
ing initial rifting of continents. 
The oldest unit of Jharol basin comprises 
the Bagdunda volcanics and intercalated quartz-
ite that o\eriie the Archaean gneisses. Geo-
chemistry of these volcanic rocks, as discussed 
above, suggests that they have continental ba-
salt chemistry. The occurrence of these 
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volcanics with cican washed quartzite suggest 
that the lavas were inUoduced in(o a stable 
sedimentary environment of shallow marine or 
fluviatile and continenlally derived sediments 
JHV with relatively high MgO and less 
fractionated nature, occur within the deep wa-
ter sediments. Element abundances, ratios and 
other geochemical characteristics of these rocks 
suggest that they have also been derived from 
a sub-continental lithospheric source(s) or 
source(s) that had influence of both sub-conti-
nental lithosphere and asthenosphens in vari-
able proportions. 
CONCLUSIONS 
The observed characteristics can be inter-
preted in terms of a model in which the chem-
istry of magma reaching the surface are con-
strained by the sedimentary processes operat-
ing on the crust. As discussed above, the geo-
chemistry of BDV and their occurrence with 
matured quartzite are the features which can be 
explained by extensional rifting which pro-
duced highly attenuated continental crust. The 
absence of evidence for any crustal contamina-
tion support their ascent through a thin conti-
nental crust which was undergoing extension. 
It seems likely that, this thin crust retarded the 
velocity of rising magma, but could not force 
the magma to stop and pool into large reser-
voirs. Thus, the magma reached the surface 
through conduits/fractures, etc. (Francis et al. 
1983), without forming any large reservoirs 
(Thompson et al 1983). The magma evolved 
chcmicaUy by process of crystal fractionation 
during its ascent through these conduits. Since 
the magma did not pool into large reservoirs, 
the effect of wall rock contamination was mini-
mum 
With continued rifting, the next phase of 
volcanic activity occured in a later stage of 
Jharol sedimentation. During this period, the 
crust had further thinned down and pulses of 
primitive magma, rising from mantle, were 
much less hindered and couJd reach the surface 
through a fracture controlled conduit system. 
The high Mg basalts and picritic lavas reached 
the surface contemporaneously with sedimen-
tation. At this stage, with progressive rifting, a 
crust very similar to marginal sea developed 
but, could not develop into a true oceanic crust. 
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